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PREFACE 

Apabt from other considerations, the technical advances 
since this book was first written would have necessitated a 
complete reconstruction. Five years ago the thin film kath- 
ode, the rectifier cell, the electrometer valve, and the thyra- 
tron were all new or unknown. But the development of the 
literature is even more important. There was then no modern 
English book on the theory of photoelectricity, and none 
at all on its applications. Now we have Hughes ’and Du 
Bridge’s most excellent treatise on theory ; for methods of 
use, Zworykin and Wilson’s book, and Anderson’s valuable 
Report on the discussion at the Physical and Optical Socie- 
ties ; for applications, Walker and Lance’s book, and num- 
berless articles in technical and popular journals. The gap 
that we attempted to fill no longer exists. 

Accordingly we have written a new book, with a new 
purpose, addressed to a much more highly instructed public. 
In our first edition, though recognizing that experiment is 
a science as well as an art, we treated principles as sub- 
sidiary to practice. We propose now to reverse the empha- 
sis. For with the growth of the art and the increase of the 
alternatives available, an appreciation of principles becomes 
even more important if the best alternative is to be selected. 
Moreover, the interest of the principles themselves increases 
with their scope. Our book is addressed to those who desire 
to understand rather than merely to follow accepted pro- 
cedure. With this object in view, we have greatly increased 
the first section of the book, and included not onlj' rectifier 
cells (of course, they would have to appear on any inter- 
pretation of our title), but also conductivity cells, whose use 
is now very limited. At the same time we have omitted all 
account of the vast group of applications whose importance 
is mainly derivative, and have discussed much more fully 
those that introduce or illustrate important principles. 

But while so much is changed, much remains the same. 
Not of the matter — ^though the curious will find most of the 
old Chapters V, VI, VII, and X embodied in the new 
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Chapters III, VII, and IX — but of the spirit. We still make 
no attempt to conceal where our own knowledge and interest 
lie, although in so doing we can hardly hope to cover 
exactly the ground that any of our readers would desire ; 
and we still employ “references” (now rather more abun- 
dant) not to support our assertions, but to indicate where 
further information can be found on matters that we have 
treated inadequately. 

As before, one of us has to thank the Director of the 
Wembley Laboratories (Mr. C. C. Paterson) for leave to 
write on his official work ; and both of us to thank all the 
members of the staff for their constant and indispensable 
help ; more particularly our thanks are due to Miss M. K. 
Freeth and Mr. C. H. Simms. Messrs. J. Guild and T. Smith 
have been kind enough to purge Chapter XIII of many of 
its original errors; of course, they are not responsible for 
those that remain. 


NOTE 

1. We have deliberately ignored the distinction between 
E (E.M.P.) and V (P.D.), for we do not believe that it 
can be maintained without violating even more definite 
conventions, such as E (or e) for grid voltage. We use E 
throughout. 

2. The statement “a; decreases with y ” is usually ambigu- 
ous, and even “a; increases with y.” We always use with 
when dxjdy is positive, and against when dxjdy is negative. 
(See e.g. page 105.) 
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PART I 

PROPERTIES OF PHOTOELECTRIC CELLS 

CHAPTER I 

THEORY OF PHOTOELECTRICITY 

The Fundamental Rules. All actions of light on material 
bodies are ultimately electrical, and all instruments for 
detecting or measuring light might be properly termed 
photoelectric cells ; it would be quite reasonable to include 
under this term photographic plates, thermopiles, and even 
our eyes. Actually it is confined to instruments in which the 
effect of light is to produce or to change an electric current 
that can be detected by instruments outside the device itself. 
;/.But this distinction is of practical rather than of theo- 
retical importance. A complete theory of photoelectric cells 
in the narrower sense would necessarily be a theory of all 
interactions between light and matter. Any attempt to 
expound it would lead us into very deep waters. For it is 
now clear that the fundamental properties of light and 
matter cannot be visualized or described by means of anal- 
ogies with mechanical models. They can be described ade- 
quately only by mathematical equations, of which the indi- 
vidual symbols in isolation mean nothing at all ; a meaning 
can be attached only to certain combinations or functions 
of them. Nevertheless, explanation, in the sense of nine- 
teenth-century science, is not completely excluded. Certain 
rules can be laid down that all physical systems obey ; these 
rules, though sometimes unfamiliar, are easily intelligible; 
and they permit us to predict the behaviour of systems by 
means of common sense aijid without elaborate calculation, 

1 
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in much the same ways as the models of the older theories. 
It is only when we try to find principles embracing all these 
rules, and connecting them with each other, that we have 
to depart altogether from the realm of common sense and 
visualized explanation. 

In this chapter we shall examine the chief rules that 
determine the behaviour of the principal types of photo- 
electric cells. They will be stated baldly and without any 
attempt to justify them. If they seem strange, that strange- 
ness must be accepted as part of the universe to which we 
belong; if anyone asks why light and matter interact 
according to these rules, the only sensible answer is that by 
light and matter we mean simply those things that do 
interact according to them. 

Quantity of Light. The first set of rules concern the pro- 
perties of light, of which textbooks on optics treat. They 
are not at all strange, but are so familiar that most of them 
need not be stated. But it will be convenient to set forth 
briefly, and in a form appropriate to our special purpose, 
those rules involved in definitions of the “quantity” and 
the “quality” of light. 

The quantity of light can be measured by the energy that 
it carries or, more accurately, by its power, that is to say, 
the rate at which it conveys energy across a surface that it 
traverses. It can thus be expressed in watts. This method 
of measurement alone is possible when the light lies outside 
the visible spectrum. But when the light is visible, its 
quantity is often measured by its “luminous flux,” ex- 
pressed in lumens ; this quantity depends on the effect of 
the light on a human eye and cannot be measured apart 
from visual judgments. 

Laws involving the quantity, but not the quality, of the 
light are true, whether quantity is measured in watts or 
lumens. Thus if a surface of effective area S is exposed, in 
a non-absorbing medium and in the absence of other re- 
flectors or refractors, at a distance r from a source whose 
dimensions are small compared with r, then the quantity 
of light L falling on the surface varies directly as S and 
inversely as the square of Vy, whether L is measured in watts 
nr liiTYiATiQ Qn f.Viat we can write 

L^C.S/r^ 


( 1 ) 
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If the source radiates equally in all directions, in (1) is 
the total number of watts or lumens that it radiates. If, like 
most sources, it does not radiate equally, (1) must be applied 
only so long as r is always measured in the same direction. 
If L is in lumens, C is equal to the candle-power of the 
source in the direction of r. 

When there is no obstruction between source and receiv- 
ing surface, S, the effective area, is the area projected on a 
plane perpendicular to r. If there is an intervening dia- 
phragm (such as the window of a cell), then S and r must, 
of course, refer to the diaphragm. If a simple lens is inter- 
posed, S and r may be taken roughly to refer to the lens. 

When light is parallel — a condition never realized per- 
fectly with laboratory sources — ^the quantity received by a 
surface on which all of it falls is, of course, independent 
both of the area and position of the surface. When light is 
perfectly diffused — a condition more nearly attainable in 
practice — ^the quantity received is proportional to the area 
of the surface, so that 

L^I.8 . . . . ( 2 ) 

In this case I is almost always expressed in units related to 
lumens and not to watts. L will be lumens if 8 is in square 
feet and I in foot-candles, or if 8 is in square metres and 
I in lux (or metre-candles), or if /S is in square centimetres 
and I in phots. 

The quantity of light received by a surface from several 
sources is generally the sum of the quantities that it would 
receive from each, if the remainder were absent. This pro- 
position enables us to determine, for example, the light 
received from a source, the dimensions of which are not 
small compared with its distance from the surface. 

Quality of the Light. Next we must define quality. When 
light is perfectly homogeneous and cannot be resolved into 
different qualities (or colours) by refraction, diffraction, or 
passage through filters, then it has a single wavelength A, 
and its quality is best described by this wavelength. (Wave- 
length will always mean wavelength in vacuo, so that 1/A is 
the wave-number and c/A is the frequency, when c is velocity 
of light.) When light is not homogeneous, the quality can 
be described by a function -F(A), which is such that A . F{X)dX 



4 


PHOTOBLECTBIC CELLS 


is the quantity (measured in watts, not in lumens) of that 
part whose wavelength lies between A and X dX. ^4 is a 
constant determining the quantity, not the quality, of the 
radiation, and is conveniently chosen so that 

A.F(X)dX== 1; 

F{X)dX is then the proportion of the radiation having 
wavelength A to A + dX. 

In the important class of sources known as thermal 
radiators,” which includes the filaments of incandescent 
lamps, the quality, and the form of i^(A), depend entirely 
on the temperature T of the source, so that the quality can 
be described by a single function F[X, T) applicable to all 
temperatures. In a special sub-class of thermal radiators, 
known as black or complete radiators, to which most others 
approach somewhat nearly, F{X, T) has a special form, 
called Planck’s function, which is 

P(A, T)=^ A. A-5 [exp. {C^/XT) ^ l]-i . . (3) 

For our purpose it is convenient to transform this equation 
slightly. If X,n is the value of A at which P is a maximum, 
X^T is the same for all values of T, If is this maximum 
value of P, 

P/P„. = £ . (Ar)-®. [exp.(C',/AP)~l]-i . (4) 

and is thus a function of XT only. Accordingly one curve 
will express in relative meastire how the quantity of radia- 
tion varies both with A and with T; it is shown in Fig. 1. 
Here the values of XT are marked along the top of the 
diagram, the corresponding values of A for three selected 
values of T along the lower. With these lower scales, the 
curve shows the way in which the quantity of radiation 
varies with wavelength at any given temperature, the maxi- 
mum quantity at any wavelength at that temperature being 
always unity. The second curv’^e in Fig. 1 gives the values of 

Q==G f^P/Pr,.d{XT) . . (5) 

Jo' 

0 being chosen so that Q = l when XT = oo . Thus with 
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the lower scales, Q gives the fraction of the total radiation 
from a source at temperature T which lies in wavelengths 
less than X ; this total radiation is proportional to T^. These 
two curves (or the tables from which they are plotted) give 
all the information about complete radiation that is re- 
quired in the succeeding chapters. 

Practical thermal radiators are not strictly complete 
radiators, and the quality of their radiation at temperature 
T is not quite accurately described by P(A, T), But they 
approach complete radiators so nearly that, when they are 
at T, the quality of the radiation from them (but not the 
quantity) is identical within the visible range with that of 
a complete radiator at some slightly different (usually higher) 
temperature T\ and is therefore given by P(A, T'). The 
colour of the light from the incomplete radiator at T is then 
the same as that of the complete radiator at T ' ; T' is called 
the ‘‘colour temperature’’ of the radiator, and describes 
fully the quality of the radiator in the visible range. This 
method is very convenient for describing the quality of the 
radiation from incandescent lamps ; but it cannot be applied 
to other sources, such as discharge lamps or sunlight (at the 
bottom of the atmosphere) ; the form of P(A, T) for them 
is not the same as P(A, T) for any value of T, 

The quality of light can also be described by means of the 
relation between the lumens and the watts. Luminous flux 
is a measure of power to produce illumination that the eye 
can appreciate ; it is determined by comparing the apparent 
brightness of surfaces. Two differently coloured surfaces 
may appear equally bright, and two beams of light may 
therefore carry the same lumens, although they carry dif- 
ferent watts. It is found that the ratio of the lumens to the 
watts (or the lumens per watt) of homogeneous light is 
determined entirely by its wavelength and not by its in- 
tensity. (That is an experimental fact that might not have 
been true; indeed, it is not exactly true for very feeble 
light.) Accordingly we can draw once and for all a curve 
showing the relation between lumens per watt and wave- 
length; this curve is given in Fig. 2 and is known as the 
“visibility curve,” an inappropriate name that has led to 
some confusion. Strictly, the visibility curve is different for 
different eyes, even when colour-blind i)ersons are excluded ; 
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but the variations between normal persons is small, and a 
standard curve, the mean of many observations, has been 
adopted by international convention. 

When the light is not homogeneous, F, the visibility or 
lumens per watt, is determined by the form of F(X). Indeed, 
if the visibility curve is represented by v(X), V is always 
given by 

^00 

/ vi}L)F(X)dk 

V = ( 6 ) 

I F(k)d^ 

•^0 

Accordingly the quality of heterogeneous light can be de- 
scribed by a single '‘visibility’' F, just as it can by the 
single “colour temperature T'. But a difference between 
the two methods of description is to be observed. Not all 
light has a colour temperature, but, if light has one, the 
colour temperature fixes its quality, at least within the 
visible range; on the other hand, all visible light has a 
visibility, but it does not fix the quality uniquely ; the same 
visibility may correspond to very different i^(A)’s. The 
ranges in which the two methods of description are useful 
are practically the same, namely, that of incandescent 
lamps. And here they are closely related, so that a curve 
(Fig. 3) can be given showing the relation between colour 
temperature T' and lumens per watfc, or visibility, F.* 

Light and Electrons. We now pass to rules governing the 
interaction of light and electrons, which to-day are hardly 
less familiar. A charged particle, and particularly an elec- 
tron forming part of a material body, when exposed to 
light, has a definite chance of acquiring energy from the 
light. The chance depends on the forces between the par- 
ticle and other particles, and vanishes when the particle is 
completely free and exposed to no forces. The way in which 

♦ If F{X) for all incandescent bodies were identical with P(AiT') for all 
values of A, the relation would be unique ; but since it is identical only in 
and near the visible spectrum, we have strictly to distinguish between V 
for a complete radiator and V for any given material, such as tungsten, 
at ttie same colour temperatizre. Fortunately the difference is not material 
for our purpose, (See footnote to p. 45.) Fig. 3 refers actually to a com- 
plete radiator. 
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the chance depends on the forces is extremely complicated, 
and no attempt will be made to describe it generally ; but 
some particular rules will appear later. The chance is also 
proportional to the intensity of the light, i.e. the quantity 



falling on unit area perpendicular to its direction. Since the 
intensity of two independent beams, acting together, is the 
sum of the intensities of the individual beams, an alter- 
native, and perhaps better, way of expressing the same rule 
is that the chance of a particle acquiring energy from one 
beam of light is unaffected by the presence of another inde- 
pendent beam. 

If a particle acquires energy at all, the amount that it 
acquires is independent of everjijhing whatsoever, except 
the wavelength of the light. There is a very simple relation 
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between the wavelength and the ‘‘quantum energy,” E, 
that is to say, the energy that a particle takes from the 
light if it takes any at all. It is 




1234 

A 


( 7 ) 


Here the imit of A is 1 = 10 '^ cm. The visible spectrum 

lies roughly between 760 (extreme red) and 400 m /4 
(extreme violet). The unit of jE? is 1 electron-volt, which is 
the energy that a particle carrying the electronic charge 
acquires in falling through a potential difference of 1 volt. 
Electronic energies will always be expressed, in this unit 
(1 electron-volt = 1*6 X 10-^^ erg). It will be observed that 
the quantum energy of visible light lies in the range 1-5 to 
3 volts. 

Electron States. Lastly, we want rules about the behav- 
iour of electrons ; these rules are probably less familiar to 
those who have not followed recent developments of theory. 
An electron forming part of a material body, or otherwise 
in interaction with other charged particles, can exist only in 
one of a number of “states,” each of which is characterized 
by a different energy. Not more than two electrons can 
ever be in one state. The number of states, which is usually 
finite, and their energy are determined by the number and 
distribution of the charged particles with which the electron 
is in interaction. We shall proceed to describe the states 
appertaining to various media. 

First a few words on the method of description. We shall 
consider a slab of the medium; Figs. 4-10 represent a sec- 
tion through the slab, x being the distance from the left- 
hand face. The line representing this face serves also as an 
axis of ordinates along which is measured the energy E of 
the various states. If the slab is homogeneous and equi- 
potential, the states are the same throughout it ; the states 
are therefore represented by a series of horizontal lines, each 
denoting a different energy. 

There is always a lowest state, represented by the axis 
of a; ; it is that of an electron at rest and possessing only 
potential energy. The axis of x represents therefore the 
potential of the medium, which can always be taken as zero, 

2— (5619) 
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SO long as we are considering a single equipotential medium. 
Since an electron carries a negative charge, its potential 
energy is greater when it is in the medium of which the 
potential is more negative. According to the ordinary con- 
vention, a negative potential is lower than a positive ; but 
(in this chapter only) we shall reverse this convention, and 



Fig. 4. States of a Vacuum Fig. 5, States of a Metal 


represent negative potentials, at which an electron has a 
greater energy, by lines above that of zero potential. 

The States of Various Media. Our first medium is an 
equipotential vacuum, contained in a flat metal box (Fig. 4). 
The lowest state is the potential energy of an electron at 
rest. Electrons in motion have also kinetic energy and their 
states are therefore higher. A single electron in a vacuum 
can have any kinetic energy whatever. Consequently the 
space above the horizontal axis is completely filled with 
horizontal lines, representing the states ; they are shown as 
discrete in the figure merely because it is impossible to show 
them as continuous. The introduction into the vacuum of 
a few electrons — ^so few that they do not appreciably alter 
the field in the vacuum — does not alter the states ; the elec- 
trons simply occupy a few of the states, as shown by the 
dots on the right vertical. The limitation of the number of 
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electrons that can occupy the same state makes no differ- 
ence ; for there is an infinite number of states within any 
finite energy range. 

Next we take a slab of metal (Fig. 5). This is made up of 
a largo number of positively charged atomic nuclei with a 
number of electrons sufficient to neutralize their charge. 
Since the charges are carried by discrete particles, the 
potential is not strictly uniform throughout the slab ; the 
state in which an electron has only potential energy is not 
a straight line, but wavy, the trough of each line repre- 
senting the position of a positive nucleus. But the states of 
moving electrons are still horizontal straight lines so long 
as the distribution of the atoms is perfectly regular. If we 
still divide its energy into potential and kinetic, we must 
allow that an electron may have negative kinetic energy, 
because it may have an energy less than that corresponding 
to its potential (e.g. at P). That conclusion, though sur- 
prising, must be accepted ; it turns out later to be important. 
But for the moment another consequence of the atomic 
structme is more important. 

The states are no longer continuous ; the number of them 
lying below any limit, such as Pq, is no longer infinite but is 
proportional to the number of atoms in the metal. The 
representation of them by separate lines now really indicates 
the truth. Since only two electrons can occupy a state, and 
the number of electrons is a multiple of the number of atoms, 
the occupied states must form a band of considerable width. 
In a metal at the absolute zero of temperature all the states 
up to a finite limit (an energy of the order of 10 electron- 
volts) are occupied and none of the states above that limit. 
But when the metal is at any higher temperature, a small 
fraction of the electrons have heat energy and lie in states 
above Eq\ the distribution will then be of the kind indi- 
cated by the dots on the right vertical, the number of occu- 
pied states decreasing rapidly with increasing distance above 

Next we take a slab of a non-metal or insulator (Fig. 6). 
Now the states, still discrete, do not form a continuous 
band ; there are gaps, as shown, in which there are no states 
at all. At absolute zero, a certain number of the lower bands 
are completely occupied ; but the upper bands are all quite 
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empty. The division between occupied and unoccupied 
states will usually coincide with a gap, because both the 
number of states in a band and the number of electrons 
available to occupy them are proportional to the number of 
atoms. If the insulator is only just above absolute zero, the 
upper bands will remain practically empty, because an 



Fig. 6. States of an 
Insulator 
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Fig. 7. States of a Semi 
conductor 


electron cannot cross from a lower to an upper band unless 
it acquires heat energy as great as the width of the gap, 
which is of the order of 2 electron-volts ; and the chance of 
its acquiring so much energy is very small. Many electrons 
will not appear in the upper bands until the mean thermal 
energy of an electron is of the order of 2 electron-volts, 
corresponding to a temperature of about 8000° K. 

Lastly, we take a slab of a ‘‘semi-conductor,’’ a class of 
bodies only recently distinguished clearly, of which cuprous 
oxide and selenium are typical examples. Their character- 
istic feature is that their conductivity, which is electronic 
and not electrolytic, is due to the presence of impurities and 
increases rapidly with the temperature. The electronic states 
in the pure substance are those of an insulator, but the 
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impurities provide localized states, not extending through- 
out the slab, which lie in a gap between occupied and un- 
occupied bands of the pure substance; these states are 
occupied. The condition at low temperature is therefore 
that shown in Fig. 7 ; at rather higher temperatures the 
electrons from the localized impurity states can reach the 
unoccupied band and at much higher temperatures those 
from the occupied band can reach it. 

Conductors and Insulators. In this last case, some con- 
nection between electronic states and chemical constitution 
is evident ; it is not so evident in the preceding cases. The 
reader may well inquire why metals should have the states 
of Fig. 5, while non-metals, such as sulphur, have those of 
Fig. 6. Theory is not yet sufficiently advanced to answer 
this question fully, and a partial answer would not help our 
present inquiry. But it is quite easy to explain the con- 
nection between electronic states and conduction, and to 
show why the states of Fig. 5 must lead to conductivity and 
those of Fig. 6 to insulation. 

If a state extends as a truly straight horizontal line 
through the slab, an electron in that state can pass freely 
from one end to the other; there is no “resistance,” that 
is to say, no degradation of energy attending its motion. 
In a vacuum the states are truly straight lines, and an 
electron moves perfectly freely ; if it has any velocity at all, 
it will pass from one face of the slab to the other even if 
there is no potential difference ; a vacuum is a perfect con- 
ductor. The limitation of current is not due to resistance, 
involving degradation of energy ; it is merely an expression 
of the paucity of electrons. But in no solid are the states 
truly straight lines. The lattice arrangement of the atoms 
is not perfectly regular, owing to thermal motions of the 
atoms. Accordingly the states in Figs. 4, 5, 6, and 7 should 
really be shown with little kinks in them, which prevent free 
motion ; an electron cannot move along its state unless by 
moving it can acquire sufficient energy to allow it to rise 
to the top of a kink. 

But now let us apply a potential difference to the faces of 
the slab of metal (Fig. 8). If we make the left side positive, 
so that electrons tend to move from right to left, all the 
states will then slope downwards in that direction. (For 
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simplicity here and later, the waves in the potential energy 
state are omitted.) An electron can now move to the left 
with constant total energy, but gaining kinetic at the ex- 
pense of potential energy, by passing to the next higher 
state, as indicate<l by the horizontal dotted line, so long as 
that next higher state is not full; and it will so move, 

because all systems try to convert 
kinetic into potential energy. The 
electrons below cannot move, 
because the states immediately 
above them are full ; but the elec- 
trons at or above can move, 
because most of the higher states 
are not full. Owhig to the irregu- 
larities of the lattice, naentioned 
before, it will not continually gain 
kinetic energy by passing to higher 
and higher states ; at some points 
it will lose the energy it has 
acquired (as shown by drops in the 
dotted line) and fall back to its 
original state with the original 
kinetic but lower potential energy. 
This loss of energy represents the 
resistance of the conductor ; it in- 
creases with temperature, because 
the irregularities of the lattice in- 
crease. But by continually rising 
to higher and falling to lower states, 
the electron will move through the slab and provide con- 
duction. A band of unoccupied states therefore provides 
‘‘running states” for an electron, in which it can move 
through the medium under an electron field. 

But if we apply a potential to the insulating slab of Fig. 6, 
tilting the states downwards, the same process cannot occur. 
For now no electron has immediately above it a state that 
is not full ; all the states in the bands are full and between 
the bands there are no states. There are no running states 
and there is no conduction. 

In the semi-conductor (Fig. 7) there would also be no 
conduction at zero temperature, for the impurity states, 
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even if they are not completely occupied, are localized at 
isolated points and do not provide a path through the sub- 
stances. Conduction arises only when electrons from the 
impurity (or lower continuous) states acquire enough thermal 
energy to pass into the higher band of unoccupied states ; 
there they can conduct as in a metal. Conduction in a semi- 
conductor is the same process as in a metal ; the only differ- 
ence is that, while in a metal there are always abundant 
electrons in the states that have unoccupied states immedi- 
ately above them, in a semi-conductor there are few electrons 
in these states, since electrons reach them only by acquiring 
heat-energy in the impurity states. In a metal, current is 
limited by resistance, representing the energy losses of the 
abundant conduction electrons; in a semi-conductor much 
more by the paucity of conduction electrons. When the tem- 
perature rises, the resistance of the mefcal increases, because 
the irregularities in the lattice become greater ; the resist- 
ance of the semi-conductor decreases, because the number 
of conduction electrons increases. 

The Inner Photoelectric EfEect. What has all this to do 
with photoelectricity? Simply this. An electron can take 
up energy from light only if the (quantum energy of that 
light is the difference between the energy of its state and 
that of some higher unoccupied state at the same point in 
the material ; for the quantum energy is the only amount of 
energy it can receive from the light, and it cannot receive 
that energy from any source unless the appropriate higher 
state is waiting to receive it. If it does take up the quantum 
energy, it will, of course, pass to that higher state. 

If an electron in the interior of the substance is raised by 
the light from a state in a fully-occupied band or from an 
impurity state to a state in an unoccupied band, which can 
therefore serve as a running state, the immediate effect of 
the light will be an increase in the conductivity of the sub- 
stance. If the substance is a metal, running states are avail- 
able immediately above the top full states, so that any light 
that is absorbed at all must produce some increase in con- 
ductivity; but since the number of electrons already in 
running states at ordinary temperatures is already large, the 
increase is inappreciable. In insulators and semi-conductors, 
on the other hand, no electron can receive energy unless the 
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quantum energy is greater than the gap between the full 
band or the impurity states and the unoccupied band; no 
effect will be produced unless the wavelength of the light is 
small enough to provide this quantum energy. However, if 
it is small enough, the increase in conductivity due to the 
increased number of electrons in running states will be 
appreciable. This increase of conductivity is called the 
inner photoelectric effect and gives rise to one class of photo- 
electric cells, namely, conductivity cells. 

However, a permanent current will not result from the 
conductivity when the substance is placed under an electric 
field, unless the electrons can leave the positive boundary 
when they reach it and unless their place can be taken by 
electrons entering at the negative boundary. Moreover, the 
loss of electrons from the full bands or impurity states pro- 
duces changes in the states, and alters the chance of further 
electrons reaching running states. In consequence the pri- 
mary effect of light, just considered, is complicated and 
overshadowed by much more complicated secondary effects. 
These will be left for consideration until conductivity cells 
are considered ; but it may be said at once that they can- 
not be wholly explained with our present knowledge. 

The Outer Photoelectric Effect. We have now to con- 
sider an electron so near the boundary of the substance that, 
if it moves at all towards the boundary, it must cross it. 
A boundary is represented on our scheme by a change in 
potential energy and in the distribution of states ; for these 
are the things that distinguish one medium from another. 

There is always an increase of potential in passing from a 
solid to the vacuum surrounding it. That may seem rather 
puzzling; if the solid is uncharged (as we are assuming), 
surely its potential is the same as that of its surroundings ! 
But we must remember that the solid is uncharged only as 
a whole; the number of positive and negative charges it 
contains is equal, but, owing to atomic structure, they are 
not distributed with perfect uniformity. Even in the in- 
terior of the metal, the potential is not strictly constant, as 
already explained ; still less is it constant near the surface ; 
the surface always occurs at the top of a wave in the lowest 
state. In other words, an electron tending to leave the 
mixture of positive atoms and electrons is subject to forces 
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dragging it back, just as is an electron tending to leave a 
single atom. These forces, and therefore the increase of 
potential at the surface, depend in a very complicated 
manner on the atomic constitution of the solid. 

The boundary between a metal and a vacuum may then 
be represented on our scheme by Fig. 9 ; the valuer of 
the rise of potential at the 
boundary, is a character- 
istic of the particular 
metal. Tne potential of 
the vacuum is so much 
higher than even the state 


E, 


E, 


E\ 


ErEo-if 


Eq of the metal that, 
although Eq is some 10 
volts above the lowest 
state of the metals, it is 
still well below the lowest 
state of the vacuum. Elec- 
trons in Eq or in any lower 
state cannot therefore pass 
into the vacuum, because 
there are no states on the 
same level to receive them 
there. Only those in the 
state El or above it can 
escape. Electrons can 
attain Ei in virtue of the 
heat energy of the metal, 
and the number in that state will increase very rapidly with 
the temperature. The escape of electrons that have attained 
El by this means appears as the thermionic emission from 
hot metals. But electrons in a state E can also reach Ei by 
absorbing energy Ei-E from light; the escape of these 
electrons, carrying a current through the vacuum, is called 
the photoelectric emission or sometimes the outer photo- 


Meta! 




— 

Fin. 9. Boundary betwrun Metal 
AND Vacuum 


electric effect. 

On these facts the great class of emission cells depends ; 
further details and some complications will again be left 
until we deal with them. 

The Boundary Effect. The laws of the third great class 
are not so simple. Cells of this class consist essentially of a 
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semi-conductor in close, but not too close, contact with a 
metal. They are therefore represented in our scheme by 
Fig. 10, a thin slab of vacuum intervening between the two 
solids. Quantities referring to the metal and the semi-con- 
ductor are distinguished by the suffixes m and s. Note for 
future reference that (JS/j)., is dravm greater than 

Much of our discussion has been based on the principle 
that an electron cannot pass through a space which does 
not contain a state of the appropriate energy. But, as was 
hinted above (page 11), this principle is not universally true. 
A more accurate statement would be that the chance of an 
electron passing through a space containing no appropriate 
state into a state on the far side, ready to receive it, de- 
creases very rapidly with the width of the space. If the 
width is many times the diameter of a molecule, the chance 
is practically nil; but if it is comparable with molecular 
diameters, the chance may be quite appreciable. If the 
width is constant, the chance decreases with increase of 
depth at which it has to pass below the next higher state in 
the vacant space ; but even if this next higher state is the 
potential energy of the space, the chance is still finite 
although in passing through the space the electron has 
negative kinetic energy. A less paradoxical form of this 
statement is that, in these circumstances, the division of 
energy into potential and kinetic is meaningless. 

Accordingly in Fig. 10, although almost all the electrons 
in both metal and semi-conductor are in states below the 
potential of the vacuum, they will be able to pass through 
the potential “hump,"’ which represents the vacuous layer, 
so long as it is narrow and there are states on the far side 
waiting to receive them. If no potential difference is applied 
between the two bodies, they will assume a “contact” 
potential difference such that the number of electrons passing 
in one direction through the hump equals the number 
passing in the other, so that no resultant current flows. 
This condition is attained, as can be shown by detailed 
calculation, when Eq for the metal lies nearly half-way 
between the impurity state of the semi-conductor and 
the next higher unoccupied state Ef. Electrons in Ef or 
higher states can travel through the hump, for there are 
states on the other side to receive them ; those below cannot. 
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For the impurity states, being localized, do not permit 
the travel of electrons along them ; consequently electrons 
from metal states below Ef find no states or only full states 
waiting for them on the far side, while the only electrons in 
the semi-conductor below Ef and able to travel, namely, 



those in the lower full states, find only full states on the 
far side. 

Now suppose that a potential difference is applied between 
the two bodies. First let it be in the direction to drive 
electrons from left to right, which means that the states in 
the semi-conductor are lowered. More electrons will flow 
from the metal, because now Ef comes opposite lower states 
of the metal which contain more electrons. Next let it be 
in the direction to drive electrons from right to left, which 
means that the states in the semi-conductor are raised. 
No more electrons flow from the semi-conductor, because 
the number of these is limited by the number above Ef, 
not by the absence of states on the far side to receive them, 
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and the number above Ef is not changed. Accordingly more 
current will flow if the potential difference is in one direc- 
tion than in the other, the contact will act as a rectifier 
passing electrons only from metal to semi-conductor. 

This account is not complete. We should really take into 
account the effect of the potential difference on the form of 
the potential hump through which the electrons pass ; this 
form affects considerably the chance of an electron passing 
through it (see page 32). For this reason rectification by 
the contact depends on the width of the hump and vanishes 
if it is too small, as well as if it is too large. But we only 
need a general explanation of the fact that rectification may 
occur at such a contact. 

The effect of light on either metal or semi-conductor in 
Fig. 10 will be, as before, to raise electrons into higher 
states and, in particular, into those above Ef, where they 
can pass from one to the other. Since Eq in the metal, 
which contains plentiful electrons, is above Ei, which is the 
highest state in the semi-conductor that can send electrons 
into Ef, it would seem to follow that, if both metal and semi- 
conductor are equally illuminated, more electrons would be 
raised to Ef on the metal than on the semi-conductor side, 
so that the electrons carrying the photoelectric current 
would flow from the former to the latter. As a matter of 
fact, they flow in the other direction, from semi-conductor 
to metal. The reason is probably this. The chance that an 
electron will take up energy from light depends on its con- 
dition ; the chance is greater if the electron is localized or 
“bound’’ than if it is free (see page 7). The electrons in 
the impurity states, being bound, take up energy much 
more readily than the free electrons in the metal, and there- 
fore, although they require more energy, they arrive at Ef 
more frequently, so long as the quantum energy is great 
enough to transfer them there at all. But now a new diffi- 
culty appears. This explanation would suggest that, if the 
metal and semi-conductor were widely separated and each 
acted separately as the cathode of a cell of the second class 
(depending on the outer photoelectric effect), the semi-con- 
ductor ought to give a greater emission than the metal. 
Actually for light in easily accessible regions of the spectrum, 
this is not true; the semi-conductor gives no emission in 
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regions where the metal gives considerable emission. How- 
ever, this becomes intelligible if we remember that is 
much greater than When the bodies are widely 

separated, electrons cannot emerge until they acquire the 
energy E ^ ; accordingly there will be a region of the spectrum 
in which the quantum energy is great enough to give the 
electrons from the metal the energy necessary to emerge, 
but not the electrons from the semi-conductor. If the wave- 
length is decreased and the quantum energy decreased past 
this region, so that electrons from both can receive the 
necessary energy, then the semi-conductor ought to show a 
greater outer photoelectric effect than the metal. But that 
will happen only in a part of the far ultra-violet that is 
difficult of access. 

It cannot be pretended that this theory of the matter is 
yet established ; but no facts inconsistent with it are known. 
Until it is disproved and replaced by a better, it will serve 
to explain the salient properties of the third great class of 
photoelectric cells, rectifier cells. It shows why substances 
that display no outer photoelectric effect may yet show a 
boundary effect which must consist essentially in the loss 
of electrons, and why this boundary effect is so intimately 
connected with rectification. 

Electrons as Waves. Those who already know something 
of modern theory, but not enough to make them skip this 
chapter entirely, will realize that our exposition is incom- 
plete. They will know that, while in one of their aspects 
electrons are particles, in another they are waves ; we have 
said nothing about the wave aspect. The reason is that the 
questions that are answerable if we regard the problem 
from one aspect are unanswerable if we regard it from the 
other ; and that the questions that concern us most nearly 
are answerable from the particle aspect. Thus if we had 
adopted the wave aspect, we might have justified our eva- 
sion (except in Fig. 8) of a question that will occur to many 
readers, namely, how the electrons are distributed in space 
through a material body ; for, if electrons are waves, every 
electron is everywhere; it extends throughout the whole 
region to which its state extends. But, on the other hand, 
we could not have spoken of the passage of an electron 
across a boundary. 
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All this is very confusing ; and no explanation can make 
it less so; it is merely an expression of the ultimate fact 
that no single mechanical model is adequate. If we adopt 
a model, we must resolutely refrain from asking questions 
not arising directly out of the features of our model. But 
the position is not quite so confusing as it was when (accord- 
ing to Bragg’s famous joke) the particle theory was true on 
Mondays, Wednesdays, and Fridays, and the wave theory 
on Tuesdays, Thursdays, and Saturdays, for we can now 
distinguish between the two classes of question. Particles 
are appropriate to events ; waves to probabilities. In other 
words, if on Wednesday we are inquiring about Tuesday, 
we must use the particle theory ; if we are inquiring about 
Thursday, the wave theory. With that hint we must pro- 
ceed to matters more obviously within our scope. 
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CHAPTER II 

THE VACUUM EMISSION CELL 

The Vacuum Cell. An emission photoelectric cell is one de- 
pendent on the “outer'’ photoelectric effect (see page 17). 
It consists essentially of a cathode from which the electrons 
are emitted and an anode to which they pass across a 
vacuous space. Three commercial types of such cells are 
shown diagrammatically in Fig. 11. In A and B the cathode 
is a plate in the centre of the vacuous enclosure ; the anode 
in A is a gauze on the walls through which light can pass, 
and in B Si simple rod. In C the cathode is a layer on the 
walls, pierced by a window for the admission of light, and 
the anode is a rod in the centre. The reasons for these 
differences will appear gradually. Construction B is adopted 
in gas-filled cells, described in C-hapter III, rather than for 
vacuum cells, but is inserted here for convenience ; in that 
chapter, A will be termed a plane cell, C a S2)herical cell. 

If the ideal conditions assumed in (Chapter I obtained, all 
the electrons emitted would psss to the anode so long as it 
was more positive than the space immediately outside the 
cathode. If it were negative to the cathode, only those 
electrons would reach it which left the cathode with a 
kinetic energy greater than that necessary to overcome the 
opposing potential difference. Accordingly the relation be- 
tween current and anode voltage (the cathode potential 
being taken as zero) would be that shown in curve x of 
Fig. 12. The sloping part of the curve would cover a range 
of potential equal to the quantum energy E ; for the fastest 
electrons cannot have more than that energy, the slowest 
cannot have less than no energy; the fiat part, or “satura- 
tion current,” would measure exactly the rate at which 
electrons were emitted. The actual characteristic of a vacuum 
cell is somewhat similar to curve x^ but the range covered 
by the steep slope is much greater than the quantum energy 
and the curve never becomes really flat at high voltages ; 
a and b in Fig. 12 show actual curves. 

The reason is twofold. Cathodes are never perfectly 
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smooth plane or convex surfaces ; electrons leaving one part 
may strike another unless the field is strong enough to ^ag 
them immediately to the anode. Again, the emission of 
electrons is not wholly independent of the external electric 
field ; we need not discuss the reason in detail, but it may 
be observed that “space charge,” so important in thermionic 
valves, plays practically no part in photoelectric cells, be- 
cause the currents are so much smaller. For both reasons 



a cell will approach the ideal more nearly the less concave 
is the cathode and the more completely it is surrounded by 
the anode. This is one ground for preferring type A in 
Fig. 11 for vacuum cells, if the slight obstruction of the 
light by the anode is not a serious objection. Curve a in 
Fig. 12 refers to a good cell of this type; curve 6 to an un- 
favourable specimen of type C. However, the difference is 
not so important as might appear at first sight. In any 
vacuum cell there is some voltage beyond which it may be 
assumed for any given purpose that the current is inde- 
pendent of the voltage and proportional to the emission; 
there will be an effective “saturation voltage’’ at which the 
cell will always be used. Curves of type a are preferable, 
because this voltage is comparatively low, even when the 
purpose demands that the effective saturation current should 
approximate closely to the ideal saturation current. 

3 —(5619) 
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The current in a vacuum cell is therefore determined 
almost entirely by the emission, and the most important 
facts about it are those concerning the variation of the emis- 
sion with the quantity and quality of the light. These facts 
are much more complex than is suggested by the simple 
theory of Chapter I, and most of the rest of this chapter will 
be concerned with them. 

Photoelectric Emission. The variation with quantity is 
very simple, at least in ideal circumstances, and follows 
directly from the simple theory. Since the chance of an 
electron taking energy from light of given quality is pro- 
portional to its quantity, and since it must take energy in 
order to emerge and share in the current, the current is 
proportional to the quantity. How far and why there are 
departures from this simple relation in circumstances that are 
not ideal will concern us later (pp. 50, 197). It is convenient 
therefore, to state all further facts in terms of the ratio of 
the current to the quantity; this ratio will be termed the 
emission. When the light is homogeneous of a single wave- 
length A, the emission will be denoted by ax and will be 
measured in amperes per watt. (In some older works the 
emission is expressed in coulombs per calorie; 1 coulomb 
per calorie = 0-24 A/watt.) When the light is “white,” the 
emission will be denoted by E and measured in micro- 
amperes per lumen. 

But there is still some ambiguity. Of the light incident 
on the cathode, some is always reflected, and this reflected 
light can clearly play no part in producing a photoelectric 
current. Ought, therefore, the quantity of light to be taken 
as that incident on the cathode or as that absorbed in it? 
This question was hotly debated at one time, and great 
importance was attached to cells in which all the light was 
absorbed at the cathode and none reflected from it. Such 
cells can be made from those of the kind shown in Fig. ll(o) 
by decreasing the size of the window relative to the area of 
the cathode on the walls, until light entering at the window 
is all absorbed after many reflections at the cathode, and 
only an infinitesimal portion can emerge again. But the 
current in such cells, though, of course, a little greater than 
that produced by the same light in open cells, such as Figs. 
11(a) or 11(b), does not obey materially different laws. It 
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doubtless would do so if most of the light absorbed at the 
cathode were utilized in giving energy to electrons that 
have a large chance of emergence. Actually most of it is 
absorbed at points so deep in the cathode that electrons 
acquiring energy there have no chance of reaching the sur- 
face, because they lose energy in passing through the metal. 
Accordingly there is no theoretical reason to consider ab- 
sorbed rather than incident quantity of light ; the latter is 
much more convenient experimentally ; we shall therefore 
always take quantity of light to mean quantity incident on 
a cathode of such a shape that none of the reflected light 
strikes the cathode again. 

Strictly, we ought to take into account the angle of inci- 
dence of the light on the cathode and its plane of polariza- 
tion ; for both these may affect the emission, especially when 
it is referred to incident and not to absorbed light. In fact, 
angle of incidence and polarization ought to have been in- 
cluded with wavelength as ‘‘qualities” of the light. They 
are of considerable theoretical importance, and will be dis- 
cussed briefly below ; but the theory is of little practical 
importance, because actual cathodes are not usually optic- 
ally smooth. When a surface is rough or matt, there is no 
single angle of incidence, and, even if the light is polarized, 
there is no single angle between the planes of polarization 
and incidence; whatever the nominal angle and plane of 
incidence, the actual angles do not vary greatly, unless the 
angle of incidence is very great. When the contrary is not 
stated, it will be assumed hereafter that the incidence on 
the average surface of the cathode is normal ; the state of 
polarization is then immaterial. The effect of large angles 
of incidence is mentioned in Chapter XII , where alone it is 
relevant. 

Emission and Wavelength. We have now to consider the 
relation between emission and the quality of the light. Here 
we enter on great complications. In Pig. 13 the emission 
(in imits that will be explained presently) is plotted against 
the wavelength of the incident light for two different cath- 
odefe, A and B, The features common to the two curves 
follow from the simple theory of Chapter I. As the wave- 
length is decreased (and the quantum energy increased) from 
the right, no emission appears until a “threshold,” different 
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for A and jB, is reached. The threshold represents the con- 
dition at which the electrons with the greatest energy, 
namely, those in Eq, just acquire the energy with which 
they can emerge. The energy that they must receive is 
therefore E^ - Eq, which is the work function (p, so important 
inthermionics. Hence the wavelength Aq of the tlneshold ought 
to be related to (p by the equation (p = 1234/Ao. Actually the 
threshold is not perfectly sharp, because there are always a 
few electrons at ordinary temperatures with an energy above 



Fig. 13 

Eq, and therefore requiring rather less energy than this; 
Ao cannot therefore be determined accurately by mere experi- 
ment. Some very pretty calculations by Fowler, based on 
the general theory of Chapter I, have recently enabled Aq 
to be determined accurately, so that it can be shown to 
agree exactly with 9 ? determined from thermionic measure- 
ments ; proof of the theory is thereby obtained. But though 
the facts connected with the threshold are of great theo- 
retical importance, and have therefore received much atten- 
tion, they are of little practical importance. For the emis- 
sion is never large enough to be practically useful until the 
wavelength is much less than Aq; and — contrary to what 
was thought at one time — ^the useful emission at these 
shorter wavelengths is not always closely connected with 
the threshold. 

After the threshold is passed, the emission rises rapidly 
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on both curves. This rise is due, in part at least, to the 
quantum energy becoming large enough to eject electrons 
lying in the full states below Eq. Our theory shows that this 
rise cannot continue indefinitely ; for an absolute limit must 
be reached when all the energy of the light is given to 
electrons that actually emerge. This limit a max is easily 
calculated. The emergence of an electron requires the sub- 
traction of the quantum energy from the light ; this is 1234/A 
electron-volts or (1-96 X 10‘®)/Aergs. One watt of light, con- 
veying lO"^ ergs per second to the cathode, cannot therefore 
cause the emergence of more than 5*11 X lO^^A electrons 
per second, which would provide a photoelectric current of 
8-1 X 10“^AA. Consequently, we have 

<^max = 8-1 X 10-^A (A/watt) . . . (8) 

The ordinates of Fig. 12 are the values of cfilamox^ the ratio of 
the actual emission to the maximum theoretically possible at 
each wavelength, which may be called the ‘‘quantum yield.” 

It will be seen that the rise of emission with decreasing 
wavelength ceases in curve B long before this ratio ap- 
proaches 1 ; the curve reaches a maximum when it is only 
0-02, falls to a minimum, and then rises again. Curve A, on 
the other hand, rises steadily to the end of the diagram. 
Of course, this may be because the diagram is not carried 
far enough, and that if it were prolonged into the far ultra- 
violet (where experiments are not easy), A also would show 
a maximum. This is probably true ; yet there is probably 
a real difference between the forms of the two curves : their 
immense difference for practical purposes does not arise 
simply from the easier access of the visible spectrum to our 
experiments. 

For the two forms of curve are closely associated with two 
kinds of cathode surface. A cathode consisting of a metal 
with its surface carefully freed from adsorbed gas, and from 
all the other impurities that attach themselves so readily to 
metals, usually (if not always) has an emission curve of the 
form A, having its threshold in the ultra-violet or well to- 
wards the blue end of the visible and having no maximum 
in the accessible region. But if the surface of the same 
metal is contaminated accidentally or, better still, inten- 
tionally, then form B usually appears. The threshold is 
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much farther towards the red and a maximum of emission 
appears in the visible (and often in the near ultra-violet as 
well). The emission curve is determined by the surface of 
the cathode at least as much as by the bulk properties of 
the metal of which it is composed. This is a fact of the very 
highest importance for the photoelectric cells we are con- 
sidering. 

Selective Emission. Emission in the neighbourhood of the 
maximum of curve B is called selective ; emission on curve 
A or elsewhere on curve B is called norrmL These terms 
come from a time when it was thought that the hump in 
curve B was something abnormally superimposed on a curve 
A, which represented the ordinary variation of emission 
with wavelength. This view is now known to be too simple ; 
but nevertheless it is still useful to inquire how any selec- 
tivity in emission can arise so that light of a particular wave- 
length can produce more emission than light of neighbour- 
ing wavelengths on either side of it (the quantum yield 
being always far less than 1) ; and why selectivity should be 
so affected by surface conditions. 

Three suggestions can be made: (1) Light of the par- 
ticular wavelength can act more effectively upon the elec- 
trons ; (2) the electrons can be particularly ready to take up 
energy from this hght; (3) electrons that have taken up 
energy from this light are particularly capable of emergence. 
Probably all these suggestions are true to some extent, and 
the exact pai*t played by each of the three factors is still 
uncertain ; we will therefore consider them in turn. 

1. There is one fact greatly in favour of this suggestion. 
When the emission is normal, it is almost independent of 
the plane of polarization of the incident light ; if there is 
any variation with the polarization, it is due to a difference 
in the amount of light absorbed ; the emission referred to 
absorbed light is independent of the polarization. But when 
the emission is selective, it is often (not always) greater when 
the light is polarized and incident so that the electric vector 
of the light has a component perpendicular to the surface of 
the cathode. (The electric vector of light is parallel to the 
short diagonal of a Nicol prism which transmits it.) This is 
comprehensible; for electrons acquiring energy from the 
light will tend to move in the direction of the electric field 
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in the light ; if that direction is perpendicular to the surface 
they will emerge more easily. It is not quite so easily com- 
prehensible why the plane of polarization should not affeci 
the normal emission ; but if we admit that the electric field 
in the light may determine emission, a theory, due chiefly 
to Eves, can give some account of the effect of surface im- 
purities in selective emission. According to Ives, the dis- 
tribution of the electric field in the light near the surface oi 
the cathode, from which the electrons come, is determined 
by the optical properties of the bulk metal ; the surface film 
is too thin to affect it greatly ; it is merely immersed in the 
field determined by the metal below. Now the reflection oi 
the light by the metal produces standing waves just above 
its surface ; if the wavelength and the angle of incidence oi 
the light are such that the region occupied by the film lies 
in a '"loop” of these waves, where the field is large, the 
emission will be much greater than if it lies in a “node,” 
where the field is small. The thickness of the film, the 
angle of incidence, and the wavelength of the light must 
therefore be related in a suitable manner if selective emis- 
sion is to occur. 

This theory explains fairly well the variation of the emis- 
sion with the angle of incidence at some cathodes; it is 
doubtless part of the whole truth; but it does not seem 
competent to explain all the very complicated facts, and, 
in particular, the exact variation of emission with wave- 
length. 

2. It has been noted before that the chance of an electron 
taking energy from light depends on the manner and extent 
to which it is “bound."’ A perfectly free electron, subject 
to no forces, could never take energy. The factor deter- 
mining the chance depends on the relation between these 
forces and the wavelength of the light; the chance is a 
maximum when the frequency of vibration of the electron, 
determined by the forces, is equal to the frequency of the 
light determined by its wavelength, as is expressed by the 
classical conception of “resonance.” Now the forces acting 
on an electron when it is near the surface are much greater 
than those acting on it when it is in the interior ; and they 
vary with the nature of the surface. It is comprehensible 
therefore that the electrons which take up energy, and 
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therefore emerge, should be mainly those near the surface, 
that their number should be affected greatly by the nature 
of the surface, and that there should be a particular wave- 
length of the light for which the number is a maximum. 
But here again theory is not sufficiently advanced to make 
quantitative predictions, and it is therefore impossible to 
say what part of the selective emission is due to this cause. 

3. According to the theory of Chapter I, an electron will 
emerge if, and only if, it acquires an energy greater than 
£?!, which is the rise of potential in passing from the metal 
to the vacuum. This rise was pictured as a sudden discon- 
tinuous jump; but this picture is doubtless too simple, 
especially when the surface of the metal is coated with 
foreign materials. Between the interior of the metal, where 
the potential is low, and the vacuum, in which it is high, 
there is doubtless an intermediate region of finite width, in 
which the potential may vary in a complicated manner; 
it may even have maxima and minima, and be fitly pic- 
tured by a series of peaks and valleys. Now we have noted 
already that the chance of an electron passing through a 
region where it has “negative kinetic energy,” and where 
there are no electron states, depends on the way the poten- 
tial, representing the lowest state, varies through this region. 
In fact, if there is a potential valley between two peaks, the 
chance of an electron getting through is a maximum if its 
kinetic energy is related in a particular manner to the 
breadth of this valley. In terms of the “wave -theory of the 
electron ’’ (an account of which lies outside our province), 
the condition is that the wavelength of the electron, which 
depends on its speed, should be a sub-multiple of the breadth, 
so that the electron can form standing waves in the valley. 
Accordingly it is quite conceivable that electrons starting 
off with a particular speed may have a greater chance of 
passing through the potential jump at the surface than 
electrons with either greater or less speed. Since the kinetic 
energy an electron acquires is determined by the wave- 
length of the light, this means that electrons absorbing 
energy from light of a particular wavelength may have a 
greater chance of emerging from the cathode than those 
absorbing it from light of any other wavelength. That 
would clearly explain selective emission. 
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Again, these considerations, as they stand, are doubtless 
too simple to explain all the facts. It is unjustifiable to 
separate so completely emergence from the metal and travel 
through the metal. But there can be little doubt that the 
enormous effect of minute changes in the surface layer must 
be attributed, in part at least, to changes in the distribution 
of potential in the region through which the electrons have 
to pass on their emergence. 

The Facts of Emission. The object of the previous section 
is not so much to present an intelligible theory of emission, 
as to indicate how complicated any complete theory must 
be, and thus to prepare the reader to realize that the facts 
are equally complicated. The emission of most of the cath- 
odes used in practice is determined mainly by the surface 
layers ; these layers are very difficult to control. Cathodes 
prepared by ostensibly the same process may differ greatly 
in emission, and the emission of a single cathode may be 
altered greatly by the circumstances of its use. That fact 
must dominate all intelligent use of emission cells, and 
makes it impossible to give precise data in any simple form. 
Nevertheless the variations in the emission of a single cath- 
ode or among cathodes professedly similar is not so great 
as to obscure differences between those professedly different.- 
For each kind of cathode there is a norm about which actual 
cathodes vary and, for those cathodes which have been more 
completely studied, it is possible to give some idea of the 
probable extent of the variations. 

The cathodes used in practice fall into three classes : (a) 
plain metals ; (6) sensitized metals ; and (c) thin films. 

Plain Metals. Plain metals are metals as they exist in 
vessels exhausted by standard vacuum technique, including 
neither extreme measures to remove the last traces of ad- 
sorbed gas nor treatment directed to produce adsorbed films. 
The metals that have been used most frequently are sodium, 
cadmium, and zinc ; but many others, including calcium, 
barium, cerium, uranium, thorium, magnesium, and silver 
have been recommended for various purposes. Most of these 
metals have no emission in visible light, and can be used 
only in the ultra-violet (U.V.). The practically important 
part of the U.V. is the “near” U.V. from 400 m^ to 250 m^ ; 
here lie the therapeutic radiation of interest in medicine, 
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the absorption band of ozone of interest in geophysics, and 
the strong mercury spectrum line at 254 m/j , ; data for plain 
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metals are required chiefly in this region. Ordinary glass 
begins to absorb strongly about 330 m/i, and accordingly 
cells for this region must have bulbs, or at least windows, 
of quartz or special glass. Very thin windows of ordinary 
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glass have also been used, the glass being in the form of a 
bulb sucked into the cell, so that it will withstand atmo- 
spheric pressure. Fig. 14 is appropriate here, showing the 
transmission of a layer 1 mm. thick of various materials 
that may be used for such cells. 



XJn mfjb. 

Fig. 16 . Emission of Plain Metals 

The data available concerning the emission of these cath- 
odes are extremely scanty. There are abundant measure- 
ments of the variation of ax with A for some of them, especi- 
ally Cd. But observers hardly ever give absolute values in 
amperes per watt. The reason doubtless is that the power 
of U.V. radiation is so small and related in so complicated 
a manner to the nature of and power expended in the source, 
that it is difficult to measure and impossible to estimate. 
Absolute values, if given, would therefore have little direct 
practical value. But they would enable a comparison to be 
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made between different metals measured by different ob- 
servers or even by the same observer on different occasions. 
At present even this comparison cannot be made ; there is 
often no evidence even to show which of two metals has the 
greater emission at a given wavelength. 

Sodium is the only metal for which absolute values are 
available, concerning which several observers agree approx- 
imately. ai for this metal is given in Fig. 15. Figs. 16, 17, 



and 18 are based on the most extensive series of measure- 
ments by the same observers yet published (^) ; but only rela- 
tive values are given. In none of these figures is a correc- 
tion made for absorption by the glass, and since the thick- 
ness of the glass is not given, it cannot be applied. In Fig. 16 
the glass was very thin and probably does not affect the 
values at I > 270 ; but the fall at A < 270 is probably due 
in part to the glass. In Figs. 17 and 18 the glass was thicker, 
probably about 1 mm., and certainly affects the response 
at small values of h There is no means of comparing metals 








38 


PHOTOELECTRIC CELLS 


in different figures. In Fig. 19 curves are given for Ca, Ba, 
Li, and Be, the maximum being put equal to 100 in each 
case ; this maximum as given by one observer is 52 X 10”^ 
A/watt for Li and 3*6 x 10"^ A/watt for Be. 

From the data given one important generalization emerges. 
Among metals showing no selective emission in the region 
in question, the curves are roughly parallel and do not cross 
each other; the metal giving the highest emission at any 
wavelength is therefore that with the longer threshold Aq. 
If the metals were perfectly clean, it would therefore be 
possible to determine the photoelectric properties from 
thermionic data which fix the work -potential and even from 
general electrochemical properties which follow it closely; 
for it is certain that in clean metals the predicted relation 
between threshold and work-function holds. But in prac- 
tical cells, metals are not perfectly clean and conclusions 
from thermionic data may be misleading. The generaliza- 
tion does not hold when selective emission appears ; thus, 
Mg is more sensitive than (kl to A ~ 330 m/«, but less sensi- 
tive to A = 254 m/u. 

The discrepancies between different observers are doubt- 
less due to variations in the surface conditions ; it is uncer- 
tain how far the data given are truly representative, since 
they seem to have been obtained for unusually clean sur- 
faces. But the variation due to surface conditions is cer- 
tainly less for plain metals than for other classes of cathode, 
if reasonable precautions are taken in their preparation ; it 
is least for the least electropositive metals. In particular 
plain metals are more stable, and their emission does not vary 
greatly with exposure to light or to the discharge in a gas- 
filled cell. 

Sensitized Metals. If only plain metals were available, 
work with visible light would demand the use of metals 
with the largest Ao, which are generally those most electro- 
positive, such as the alkali metals potassium, rubidium, and 
caesium. But it is precisely these metals that are most 
susceptible to the process of sensitization, which moves the 
threshold still farther to the red and leads to selective emis- 
sion in the visible region. Indeed, as has been suggested 
already, it is very doubtful whether any truly unsensitized 
metal displays selective emission in any region accessible to 
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experiment; the selective emission shown in Figs. 17, 18, 
and 19 is probably due to an unintentional sensitization 
which cannot be avoided even if the metal is nominally 
plain. Accordingly these metals are nearly always used in 
the sensitized (or thin film) condition. Trustworthy data 
concerning their unsensitized emission are not available ; this 
is why they are omitted from the previous section. Sensi- 
tization appears to decrease the emission in the near U.V. ; 
the reason why the metals used in the visible are not so well 
suited as those of the previous section in this region is prob- 
ably the difficulty of obtaining them sufficiently clean. 

There are two main processes of sensitization. The first 
was discovered more than thirty years ago by Elster and 
Geitel, and was used in all emission cells adapted for the 
visible spectrum for some twenty years. It consists in mak- 
ing the metal the cathode of a glow discharge in hydrogen. 
It is accompanied by a change in the appearance of the sur- 
face ; thus the white metallic pottissium becomes matt and 
assumes a characteristic blue-green colour. The second pro- 
cess, developed during the last four years by Olpin and his 
associates, consists in exposing the metal (usually sodium, 
but sometimes potassium) for a short time to the action of 
vapours containing oxygen and/or sulphur. Sulphur vapour, 
sulphur dioxide, and many dyes containing these two ele- 
ments have been used. The nature of sensitization is not 
fully understood ; but there is reason to believe that it de- 
pends on the formation of compounds of the metals and the 
subsequent deposition on them of a thin film of the uncom- 
bined metal. If so, the distinction l>etween sensitized and 
thin film cathodes is merely one of practice and not of theory. 

Fig. 20 gives normal value of ox iu the visible region for 
the alkali metals sensitized by the Elster-Geitel process. It 
must be understood that the values obtained vary from c(^ll 
to cell ; the position of the maxima is much more constant 
than the values of ox at these maxima. Cathodes prepared 
by the Elster-Geitel process will be generally denoted by 
K-H, etc. ; but in the figure they are denoted by the simple 
name of the sensitized metal, as they always were before 
cathodes of more modern type were known. Fig. 21 gives 
Olpin’s values for some of the more useful cathodes 
prepared by his process. Potassium sensitized by the 
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Elster-Geitel process, now represented by K-H, is included 
again in order to extend the curve to shorter wavelengths ; 



Wave Length (mjx) 


Fig. 20. Emission op Sensitized Alkali Metals 


the two curves given for K-H in Figs. 20 and 21 do not 
coincide; the difference between them illustrates well the 
variation that may be expected between cathodes of this type 
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professedly similar. Olpin gives other curves produced by 
varying the process of the sensitization. If the cathodes 
could be reproduced accurately, the variation of the emission 
with the sensitizing agent would be very convenient ; for it 
would enable a cathode to be produced having a maximum 
at almost any desired point in the visible spectrum. But it 
seems that this process of sensitization is subject to at least 
as great inconsistency as the other, and that the differences 
between cathodes produced by different processes is liable 
to be obscured by differences between cathodes produced 
by the same process. 

Thin Films. It has long been known that if the cathode 
of a cell contains potassium, or other alkali metal, the anode, 
though consisting of a metal having no emission in the visible 
region, acquires an emission not much less than that of the 
cathode ; its emission is due to the condensation on its sur- 
face of a very thin film of alkali metal derived from vapour 
supplied by the cathode. The properties of these thin films, 
which are never more than a few atoms thick and are too 
thin to be seen, were first investigated by Ives, who used 
perfectly clean metals elaborately freed from surface im- 
purities. He found that as the thickness of the sensitive 
metal (e.g. potassium) on an insensitive metal (e.g. platinum) 
increases from zero, the threshold, starting from the posi- 
tion characteristic of the insensitive metal, moves towards 
the red, until it is actually farther to the red than that of 
the sensitive metal; thereafter it moves to the blue, until 
finally, when the layer becomes very thick, it naturally 
becomes the same as that of the sensitive metal in bulk. 
In white light the emission of the thin film of sensitive metal 
on insensitive metal may be much greater than that of the 
sensitive metal in bulk. 

Emission curves of some thin films of this nature are 
shown in Fig. 22. The curves are normal in the visible region. 
The only cathode of this nature used in practice is that of 
caesium on magnesium ; it is denoted by Cs-Mg. 

The later work of Campbell and Roller, working inde- 
pendently of each other and of Ives, showed that cathodes 
still more sensitive to red and to white light could be pro- 
duced by depositing thin films of the alkali metals, not on 
clean metals, but on their oxides, preferably mixed with 
4— (5619) 
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insensitive metals. The i3rocess they developed consists in 
oxidizing a surface of copper or silver and then heating it 
to about 200° C. in the vapour of caesium, rubidium, or 
potassium. The alkali metal vapour reacts with the copper 
or silver oxide, forming a complex of copper or silver with 
the oxide of the alkali metal ; a layer of alkali metal, prob- 
ably only about one atom thick, is left on the complex when 



X,in mfi. 

Fig. 22 . Emission of Thin Films on Pube Metals 

the excess is driven off by continuing the heating after the 
supply of alkali metal is stopped. The result is conveniently 
represented by the symbol X-O-M, where X is the alkali 
metal and M the insensitive metal (usually copper or silver). 

Similar cathodes have been obtained by de Boer and 
Teves, who deposited thin layers of alkali metals on other 
salts, such as calcium fluoride; their studies and those of 
others who have investigated variants of the original pro- 
cedure have thrown much light on the theory of the process. 
But manufacture seems still to follow that procedure with 
only slight modification. Cells produced by it are now used 
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almost exclusively when sensitivity to white light or red or 
infra-red light is required ; they are therefore more impor- 
tant commercially than any others. More than 90 per cent 
of all the emission cells sold have cathodes represented by 
Cs-O-Ag. 

Fig. 23 gives curves for K-O-Ag, Rb-O-Ag, Cs-O-Ag 



Fio. 23. Emission or Thin Films on Oxides (Practical) 

representing good commercial practice. The two curves for 
Cs-O-Ag represent extremes obtainable by variation in pro- 
cedure; that marked (1) represents best modern practice, 
and is referred to when Cs-O-Ag is mentioned below ; K-0- 
Cu, which is also used, does not differ very greatly from 
K-O-Ag. Sometimes ceils appear with much greater emis- 
sions, especially for long wavelengths. They can be obtained 
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more regularly by a modification of the process due to Asao, 
in which a thin layer of silver is deposited on the X-O-Ag 
cathode after its formation ; but they can also be obtained 
occasionally without it. Fig. 24 gives the emissions of these 
exceptional cathodes (which may be represented by X-Ag- 
0-Ag) ; it shows an ideal to which practice may hope some 
day to attain regularly, Rb is now below both Cs and K ; 
this is probably merely because the ideal has not been 
as nearly attained with this metal, which has been less 
investigated. 

Emission in White Light. The sources to which cells are 
most often exposed are tungsten incandescent lamps ; the 
emission that is of greatest importance is X, which will be 
expressed in ^A/lumen, for light from such a source. If T' 
is the colour temperature of the source, it follows from our 
definitions that E is given by 
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It can therefore be calculated, from data already given.* 
But, of course, it is much more easily measured directly; 
actually the absolute values of ax in Figs. 20-24 are calculated 
from the values of E given below in heavy type. 

When one value of E is given, it represents the results of 
some particular experimenter, and no opinion is expressed 
how far it is typical. A range in brackets is the range of 
good commercial practice, excluding those exceptionally 
sensitive cells that fill the manufacturer at once with hope 

* Here an annoying complication enters, arising from the difference 
between 7^(A) for tungsten and P(A, T') outside the visible spectrum. (See 
footnote, p. 7.) In our calculations wo have always started from a value 
given for 27 under light from tmigsten at some specified colour temperature. 
For convenience we have assumed thereafter that tungsten is a complete 
radiator. No eri’or is introduced thereby except possibly for cathodes 
having emission at A > 1000. But anyone who wishes to check our calcu- 
lations must either make the same assumption or work throughout with 
true temperatures and the true P(A) for tungsten; they must not use 
P(A, T') and the true lumens/watt for tungsten at colour temperature T'. 
But in view of the general uncertainty of the data, any discrepancy arising 
from this cause is quite unimportant. 
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and despair, and also all those that ought to be regarded as 
definitely defective. 

2* is a function of T' and means nothing until T' is given. 
The reprehensible habit of stating E without is not yet 
wholly abandoned ; when it is adopted, it may be assumed 
that the value of T' actually used is one unduly favourable 
to the cells for which 2 is given. When a cell is sensitive to the 
infra-red, 2 can be made as large as is desired by choosing 
T' low enough. A standard value T' = 2848° K. is likely 
to be adopted shortly for specifications. 2 is given in Table I 
for this temperature and also for a lower temperature of 
2400° K. ; the difference indicates roughly how 2 varies 
with T\ The range of T' in practice is from 2400° K. 
(vacuum lamp) to 3000° K. (high-power projection lamp). 

It is not possible to calculate the amount of light given by 
a lamp illuminating a cell from the watts and the value of 
T' for the lamp, using the relation of Fig. 3 between T' and 
LJW. For (1) the relation of Fig. 3 does not apply accu- 
rately to a tungsten radiator, as explained in the footnote ; 
(2) the watts of the lamp are the total watts consumed, and 
these are always more than the watts radiated, which is the 
W of Fig. 3. But values of lumens per watt that can be used 
in such calculations are given in the last row of Table I 
under the heading LjW' \ they give the number of lumens 


TABLE I 


Cathode 

{T' = 284S° K.) 
^A/Lumen 

(T = 2400** K.) 

A /Lumen 

Na 

0-4 (0-2-0-5) 

0*2 (0- 1-0*26) 

Na-H 

(0-5-1-0) 

(0*26-0*5) 

K-H 

1*04 (0-7~l-8) 

0-85 (0*5-1 *5) 

K-S 

1-8 

1-3 

Na-S 

2*7 

2*2 

Na-(0 -f S) 

7-6 

7-6 

C&~Mg 

21 

1*9 

K-O-Ag 

4-46 (1-4*5) 

4 00 (1-4) 

K-Ag-O-Ag 

28 

37 

Rb-O-Ag 

6-4 (4^15) 

6-0 (4-15) 

Rh~Ag— 0~Ag .... 

12-2 

15*0 

Cs-O-Ag 

23 (8-36) 

35 (11-50) 

Cs-Ag-O-Ag .... 

47 

73 

LjW' for commercial lamp 

13 Lumen/wait 

7 Lumen/watt 
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of light at colour temperature T' emitted by a normal com- 
mercial lamp, run at that colour temperature, for each watt 
of electrical energy consumed. 

A single example will suffice to show how the table may 
be used to estimate roughly the photoelectric current to be 
expected from a given optical arrangement. A 60-watt gas- 
filled incandescent lamp sends light through a hole 1 cm. in 
diameter at a distance of 20 cm. The colour temperature 
may be taken as 2700° K. Assuming uniform radiation from 
the lamp and an efficiency of 12 lumens per watt, the lumens 
passing through the window are (see (1), page 2) (12 X 60) 
1 471 X :7r/4 X 1/20^ = 0*11 lumen. If a Cs-O-Ag cathode 
receives the light, giving 20 /^A/lumen for light with T' 
= 2700, the resulting current will be of the order of 2//A. 

The data concerning the emission of cells under daylight, 
another important source of white lights are very discrepant. 
The reason is probably that, even when the colour of day- 
light is constant, there may be great variation in its content 
of radiation outside the visible region to which cells are 
sensitive. It is useless therefore to do more than to point 
out that daylight generally resembles light of very high 
colour temperature; in Table I emissions tend to become 
more nearly equal as T' increases ; the difference between 
the various cathodes is therefore markedly less in daylight 
than in artificial light. 

Instability of Emission. The earliest workers with emis- 
sion cells found that their photoelectric currents fell off 
gradually ; they therefore spoke oi fatigue. It is now known 
that most of this change was not a direct effect of the pass- 
age of a photoelectric current ; it was not even an indirect 
effect, but was due to oxidation of the cathode by the air. 
Since all modern cathodes are enclosed in sealed vessels, 
that source of change has been completely abolished. The 
changes that still persist are often indirect effects of light ; 
but since they can be produced independently of any photo- 
electric current, the term fatigue is misleading and ought 
to be abandoned. Instability is a better term. 

The chief sources of instability are changes in the cathode 
due to change of temperature or to bombardment by positive 
ions, and to changes in the field due to charges on the walls 
of the cell. They are connected with the incidence of light 
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and the passage of a photoelectric current, because light is 
usually accompanied by heat, and because a photoelectric 
current may generate positive ions (see Chapter III). So 
long as the constitution of a cathode is unchanged, its emis- 
sion is independent of temperature within wide limits, except 
in the neighbourhood of the threshold (see page 28) ; but 
change of temperature may alter its constitution by causing 
the evaporation or deposition of surface films. Positive ion 
bombardment may produce the same effects as rise of 
temperature, and other effects as well. 

It is to be expected therefore that those cathodes should 
be least stable whose emission depends most intimately on 
the presence of volatile surface layers. And that is the fact. 
Plain metals are relatively stable. They have not perhaps 
been subjected to such careful scrutiny as other cathodes, 
but there is no evidence of any instability in well-constructed 
cells with plain metal cathodes, either during use or during 
long periods of storage or even under the influence of a glow 
discharge in a gas-filled cell. 

Metals sensitized by the Elster-Geitel process are very 
unstable. First, they are subject to chemical change. The 
alkali metal absorbs hydrogen on its surface during sensitiza- 
tion; this hydrogen tends to diffuse into the unchanged 
potassium below. In a badly prepared cell, the hydrogen 
may diffuse away entirely, leaving the surface bright once 
more; and, though this should not happen in a well-pre- 
pared cell, progressive change in sensitivity, usually a loss, 
is apt to occur over long periods. Second, heating of the 
cathode causes the alkali metal to distil to the cooler parts 
of the cell and produces an irreversible change in its sensi- 
tivity. Cooling of the cathode, less usual, may cause the 
reverse change, but not a restoration of the original sensi- 
tivity. Such changes of temperature of the cathode relative 
to the rest of the cell are most likely to occur when the 
cathode is supported in the centre and is therefore highly 
insulated. On this ground, type A of Fig. 11 is less well 
suited for accurate work than type C, But a third source 
of instability, closely connected with the second, reverses 
the position. It has been noted already that all surfaces in 
a cell containing an alkali metal are covered with a thin film 
of it, which is capable of acting as a cathode. In type C 
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there is such a film on the bare glass with which the cathode 
is in contact and which is fully exposed to the light ; but the 
film, being of very high resistance, is incompletely connected 
to the cathode. The effective area of the cathode depends 
on this high resistance, which is variable. For this reason 
(which usually outweighs the other), type A is preferable ; 
for here all the large area of bare glass necessarily exposed 
to light tends to assume the potential of the anode ; the 
cathode area is completely determinate. Lastly, the sensi- 
tivity of the cathode is markedly increased by the positive 
bombardment to which it is subjected in a gas-filled cell, 
and gradually decreases again when the bombardment ceases. 
Since the vigour of the bombardment depends on the photo- 
electric current, the emission takes a long time to assume a 
steady value when the light is changed. The most repro- 
ducible state of the cathode and the highest emission is 
obtained by exposing the cathode to a glow discharge for a 
few seconds; the higher values of the emission given in 
Table I refer to this state. Long-continued vigorous bom- 
bardment produces irreversible changes, which are probably 
due to the heat developed. 

No evidence is available concerning the stability of cells 
sensitized by Olpin’s process ; but they probably resemble 
Elster-Geitel cells. 

Thin film cathodes are also subject to all these sources of 
instability, except possibly the first. The cathodes with the 
highest emission are the least stable ; for they contain the 
highly volatile caesium. The second source is very trouble- 
some ; for cells undergo irregular changes of emission (pre- 
sumably associated with variation of atmospheric tempera- 
ture) when they are put aside, and always undergo a rapid 
change in the few first minutes of use if the incident light 
carries any heat. The third source is also troublesome; in 
cells of type C (Fig. 11) it is not unusual to find that the 
emission from the apparently bare glass is of the same order 
as that from the supposed cathode. The effect of positive 
bombardment is usually an initial increase of emission fol- 
lowed by a decrease to below the original value. Long- 
continued bombardment always produces permanent damage. 

Lastly, a characteristic of some cathodes that produces 
effects similar to instability should be noted. Though the 
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photoelectric emission of a cathode is independent of the 
temperature, the thermionic emission varies very rapidly 
with it. At the temperature at which cells are used, the 
thermionic emission from most cathodes is too small to be 
detected; but it can be detected from cathodes with very 
large Xq, and especially from Cs-O-Ag. In cells with these 
cathodes the thermionic emission may become comparable 
with the photoelectric when the incident light is less than 
10 ® lumen; since it varies very rapidly (though perfectly 
regularly) with the temperature, it is seriously disturbing 
where such very feeble lights are concerned . 
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Ionization by Collision. In a gas-filled cell the primary cur- 
rent, carried by the electrons emerging from the cathode under 
the influence of light, is magnified by causing them to ionize 
by collision some of the molecules of a gas through which 
they pass on their way to the anode. The ratio in which the 
current is increased by the presence of gas in the cell is now 
usually called the gas amplification factor or simply the gas- 
factor. In previous editions of this book, the term magnifica- 
tion was used, but it will now be abandoned. The gas used 
for this purpose is always one of the rare gases ; for these 
exert no chemical action on the cathode, even when it con- 
sists of one of the highly reactive alkali metals ; all other 
gases would change the photoelectric emission of such cath- 
odes by mere contact with them. Of the rare gases, argon 
(usually containing a little nitrogen) is much the most widely 
used ; its use will be implied when the contrary is not stated. 

The collision between a slowly moving electron and a mole- 
cule of a gas is similar to that between elastic or partially 
elastic bodies; the electron may give some of its kinetic 
energy to the molecule, but the colliding bodies separate 
essentially unchanged. If, however, the electron is moving 
fast enough, the molecule may be broken by the collision; 
an electron may be detached from it, leaving a remainder 
which is a positively charged ion. The energy required to 
detach an electron from a molecule, or to ionize it, is a defin- 
ite property of the molecule; when measured in electron 
volts, it is called the ionization potential of the gas ; for all 
gases it lies between 10 and 25; for argon it is about 16. 
An electron cannot ionize unless it possesses a kinetic energy 
greater than the ionization potential; if it has a greater 
energy, it will ionize if it makes a very direct impact, but 
not if the impact is glancing; if it ionizes the molecule, it 
loses energy equal to the ionization potential. An electron 
that initially possesses an energy equal to n times the ioniza- 
tion potential can thus ionize n molecules, if it makes a 
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sufficient number of collisions of the right kind in passing 
through a gas. The ionization potential will be denoted by rj. 

When ionization has occurred, two electrons are present in 
the gas in place of one, namely, the original, primary elec- 
tron, and the secondary electron ejected from the molecule. 
If the gas is placed in an electric field, both electrons will 
move to the anode, while the positive ion moves to the 
cathode. The anode receives a negative charge equal to 
twice that on an electron; the cathode receives an equal 
and opposite charge, represented by the charge on the prim- 
ary electron that it loses and that on the positive ion that it 
gains. If each electron ionizes n times in passing through the 
gas, the current through it should be (ti + 1) times that 
carried by the primary electrons. Actually this is not quite 
true generally, because an electron may disappear again 
before it reaches the anode by encounter with a positive 
ion, produced by some other electron; it may recombine 
with this ion and form a neutral molecule again. But we 
shall leave recombination out of account through most of 
our discussion. 

So far we have left out of consideration the source of the 
energy of the ionizing electron. If the quantum energy of 
the radiation is sufficient, electrons liberated by the photo- 
electric effect may start from the cathode with an energy 
many times the ionization potential of the gas into which 
they emerge; if they make sufficient collisions, each may 
produce many ions ; and, so long as the electric field is great 
enough to drag the ions and electrons to the electrodes, the 
primary current may be magnified many times. This state 
of affairs, in which the magnification is independent within 
wide limits of the voltage between anode and cathode, is 
found in the ionization chambers used for measuring X-rays, 
of which the quantum energy is several thousand volts; 
such chambers are essentially gas-filled photoelectric cells. 
But this term is usually restricted to devices for detecting 
light in the visible and nearer ultra-violet region of the spec- 
trum, where the quantum energy is less than the ionization 
potential of any gas, and no primary electron can ionize on 
its own account. In rmoh cells ionization by collision is in- 
duced by causing the primary electrons to pass through a 
strong electric field, and thus to acquire the requisite energy. 
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Gas Factor — ^Pressure and Voltage. In order to investigate 
this process, something must be known about collisions that 
do not result in ionization. We shall assume that an electron 
loses all its energy when it collides and fails to ionize ; the 
assumption is not correct, but it leads to nearly the right 
result. Accordingly, if the electrons are to acquire the 
energy necessary to ionize by travelling through the gas in 
an electric field, they must acquire it between successive 
collisions. If the electrodes are planes between which is a 
distance d and a difference of potential jEJ, and if X is the 
free path of the electrons between collisions, the energy 
acquired during the free path is EXjd ; in order that there 
may be ionization, EXfd must be greater than rj. If all free 
paths were equal the further investigation would be very 
simple ; n, the number of collisions, would be given by 

n = dlX ( 10 ) 

n\ the number of ionizing collisions would be n or zero, accord- 
ing as EXjd > or < At each ionizing collision the number 
of electrons travelling to the anode is doubled ; consequently, 
if Nq start from the cathode, N would arrive at the anode, 
where 

( 11 ) 

N/Nq is the gas factor ; it increases rapidly with n\ 

Actually X is not the same for all collisions, but varies 
fortuitously about a mean. This mean X in any given gas 
is inversely proportional to the density or, if the temperature 
is constant, to the pressure p. Hence we may write 

( 1 ^) 

When the variation of X is taken into account, we have 
in place of (11) 

N==No-e^' (13) 

where e == 2-713. The proportion of collisions at which 

ionization occurs is still determined by the value of EX/d, 
so that we may write 

n'/n=f{EkJpd) (14) 

the function / increases with the argument EXJpd. 
n is still given by (10), so that 


( 15 ) 
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From (13) and (15) n\ and therefore the gas factor, in- 
creases with E iipd is constant. If E is constant, there is a 
value of pd for which 7h' is a maximum ; this maximum in- 
creases with E, li pd is less than the value corresponding 
to the maximum, w' falls off because the total number of 
collisions is too small; if it is greater, falls off because 
the proportion of collisions resulting in ionization is too 
small. The value of pd> for maximum 7i' is determined, as 
in the simple theory, by EkJrj, and is actually of the same 
order of magnitude as that quantity. For example, in argon 
at room temperature Xq is about 0*045 (when p is in mm.), 
and 7 j is about 16 volts ; consequently, if the plane electrodes 
are 1 cm. apart, and E is 200 volts, the optimum value of p 
should be about 200 x 0*045/16, or about I- mm. 

(15) is still true if the electrodes are not parallel planes, so 
long as geometrical similarity is preserved when d is changed, 
though the function / will be different. Thus, with another 
/, (15) would be true if the electrodes were concentric spheres 
with a constant ratio between their diameters, and d were 
the diameter of either of them ; for instance, it would still 
be true that variations of p and d do not change n' so long 
as pd is constant. But this would not necessarily be true if 
the diameter of one of the spheres were constant, while d, 
the diameter of the other, varied. Again, Aq, and r} (which 
is involved in the function /) depend on the nature of the 
gas; (15) tells us nothing of how n' varies from one gas to 
another, unless the forms of / for the two gases are specified. 
Nevertheless, though the range of (15) is limited, it is useful 
in tracing the rather complicated variations of n' with all 
the possibly variable factors. 

It is especially useful when only p and E vary. Fig. 25 
shows some illustrations based on actual measurements for 
this case ; the cell is spherical with a diameter of 6 cm. and has 
a small central anode ; the active metal is sensitized potas- 
sium, and the gas argon. NjN^ is plotted against E for 
various values of p ; the curves are the voltage characteristics 
of the cell at different pressures of gas, for an illumination 
which would give a saturation current represented by 1. 
As the theory predicts, each curve rises continually with 
E ; but the curves cross each other and, as E increases, the 
gas factor at higher pressures increases relatively to that 



THE GAS-PILLED CELL 


57 


at lower pressures. Thus at £ = 100 volts, p = 0-08 mm. 
gives higher gas factor than p = 2*3 mm. ; but at i? = 140 
volts, p = 2*3 mm. is better. 



Fig. 25 . Relation between Gas Factor and Voltage 
AT Various Gas Pressures 

The Glow Discharge. But now we have to deal with an 
important consideration outside this simple theory, which 
affects very greatly conclusions about the optimum pres- 
sure. According to (15) and (13), the gas factor ought to 

5— (5619) 
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increase indefinitely with E, and any gas factors, however 
large, ought to be attainable if sufficiently large potentials 
are available. Actually a limit is set to E by the influence 
of the positive ions, which have been left wholly out of 
account. They affect the current in two ways. First they 
cause the liberation of electrons from the cathode inde- 
pendently of the photoelectric emission ; second, their pre- 
sence in the neighbourhood of the cathode increases the 
electric field there, by reason of the charge that they carry. 
(The electrons similarly increase the field in the neighbor- 
hood of the anode, but their influence is less important.) 
These two effects are closely related. It is still doubtful 
exactly how the positive ions liberate electrons at the cath- 
ode, whether by direct impact or by some indirect process ; 
but it is certain that they do liberate them, and that the 
liberation is connected with the increased field due to the 
positive “space charge ” ; the greater the number of positive 
ions arriving at the cathode, the greater is the chance that 
each of them will liberate an electron additional to those 
liberated by the light. Accordingly, when once the action 
of the positive ions starts, it is cumulative and reinforces 
itself. As E is increased, and with it the number of positive 
ions, a stage is reached at which the current increases much 
more rapidly than it would according to (15) ; and, finally, 
a second stage in which the positive ions, produced by the 
collisions of the primary photoelectrically liberated electrons, 
in their turn, produce at the cathode secondary electrons as 
numerous as the primaries. When this second stage is 
reached, the current will continue to flow even when the 
light is turned off, for the liberation of the primaries is no 
longer necessary to its continuance ; its magnitude will be 
determined not by the supply of electrons from the cathode, 
but by the disappearance of electrons and positive ions by 
recombination in the gas and at the walls of the vessel. 

This condition is accompanied by a visible glow in the 
gas ; it represents the glow discharge, which can be started 
in any gas at low pressure (such as that in a neon glow lamp) 
by the application of a sufficient field. When it occurs, the 
current through the cell no longer varies (or varies consider- 
ably) with the illumination; the cell is no longer a photo- 
electric cell. The highest potential that can be applied 



THE GAS-FILLED CELL 


59 


usefully to a photoelectric cell is the glow potential, E^, at 
which the glow starts and the current, increasing suddenly, 
becomes independent of the illumination ; the useful part of 
the characteristic terminates at this point. 

In Fig. 25 these terminations are marked by crosses ( X ) 
when they lie within the limit of the diagram ; when they 
do not, the voltage at which they occur is marked by a 
cross joined to the curve by an arrow. It will be seen that 
varies with the pressure ; the manner of its variation is 
shown in Fig. 26, which refers to the same cell. In a cell of 
any other form, the curve would be very similar ; it always 
has a flat minimum and a very rapid rise at lower pressures. 
The minimum value of E^ depends both upon the nature of 
the gas and of the cathode, but is very nearly independent 
of the arrangement of the electrodes. 

The existence of the glow potential complicates greatly 
the choice of the optimum pressure for a given E, for which 
n' is a maximum. The choice indicated by (15) is valid only 
if at the pressure so indicated E is less than E^, Thus, in 
Fig. 25, if the curves continued indefinitely on the course 
indicated by (15), p = 2*3 would be preferable to p = 0-08 
at all values of E above that at which the curves cross. 
Actually the characteristic for p — 2-3 terminates at its 
glow potential at = 145 ; for higher values it does not 
exist for photoelectric purposes, and, therefore, p 0*08 
becomes preferable once more, and when E is 215 gives 
a gas factor higher than any which can be obtained with 
p = 2*3. 

Some other facts about the glow potential may be recorded 
here for future reference. If the glow discharge is started 
by raising E above E^, and E is then reduced, the glow dis- 
charge does not stop when E^ is reached again ; the change 
is not completely reversible. In order to stop the glow, E 
has to be reduced to a considerably lower value -Eg, the 
stopping potential. Eg varies with the gas and the cathode 
and the pressure in much the same way as Ej, having a 
minimum at about the same pressure. Again, E^ and Eg 
are not perfectly constant; Ej is usually higher when the 
cell has stood for some time without a discharge passing 
than it is just after a discharge has passed ; but even if an 
attempt is made to reproduce the condition of the cell by 
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a series of discharges before measurements are made, appre- 
ciable variations will be found on different occasions. is 
less variable than but is still not absolutely constant. 



Fiq. 26 . Variation of Glow Potential with Gas Pressure 


These variations in E^^, E2, and in the part of the char- 
acteristic immediately below E^ are due to changes in the 
condition of the cathode, and are associated with varia- 
tions in the photoelectric sensitivity, which were discussed 
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in Chapter II (page 49) ; but they are not sufl6cient to affect 
the general truth of the statements made here. 

Finally, the preceding paragraphs have implied that, in 
the absence of light, there is no current through the gas 
in a gas-filled cell at any voltage below the glow potential. 
This is, unfortunately, not strictly true. Even in the com- 
plete absence of light and of measurable thermionic emis- 
sion (see page 51), there is usually a small “dark current” 
at voltages just below the glow potential, which is very 
troublesome when small amounts of light have to be meas- 
ured. Its origin is obscure and its amount very variable. 
(See further, page 174.) 

Change of the Gas Factor with Illumination. So far it has 

been assumed tacitly that the characteristic of the cell, and 
the gas factor N/Nq obtained at any pressure and potential, 
are independent of the illumination. This assumption is not 
true ; the true facts are shown in Fig. 27, which refers to a 
cell in which the anode and cathode are nearly parallel 
planes and not to the spherical cell of Fig. 25. The general 
nature of the changes introduced by varying the illumina- 
tion are the same in all types of cell ; but they are easier to 
investigate completely in the plane cell. 

In Fig. 27 the various curves are voltage characteristics 
similar to those of Fig. 25 ; but for convenience the ordinates 
represent the logarithms of the current i, not the current 
simply. Each curve refers to a different illumination, L, the 
relative value of which is marked against it. If the char- 
acteristic were independent of the illumination, the ratio of 
the currents for two values of L, or the difference in log i, 
would be the same at all values of E ; the curves would be 
equi-distant through their course, and would differ only in 
being displaced parallel to the axis of log i ; they would all 
terminate at the same E^, that is to say, on the same ver- 
tical line. Actually, they are equi-distant only in the lower 
part of their course, most of which is omitted from the 
diagram because it is uninteresting; the characteristic is 
independent of the illumination only if E is greatly below 
the glow potential. 

At the larger values of E, varying illumination produces 
changes of two kinds. The first, important at the lower 
illuminations, is a decrease of the glow potential with 
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increasing illumination. The terminations of the curves lie 
on a regular curve (the thick line) which cuts off the curve 
earlier the greater the illumination. Since the curves become 
steeper as they proceed, this means that the maximum 
gas factor obtainable and the steepness of the curve just 



Fio. 27. Voltage Characteristics at Various Illuminations 


before it terminates are less the greater the illumination. 
Although a greater current Ig is always obtainable from a 
greater emission the maximum ratio A^/A^o decreases as 
the illumination incTeases. Our knowledge of the exact cir- 
cumstances that determine the glow potential is not com- 
plete enough for a detailed explanation of these changes to 
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be given. But the cause must doubtless be sought in the 
action of the positive ions at the cathode. Since their effect 
is cumulative and not merely proportional to their number, 
the current must cease to be simply proportional to the 
illumination at potentials so high that their action is 
important. 

The second change appears at the higher illuminations. 
The thick line, which represents how varies with the 
illumination, ends on the left; but there is a least value 
below which jE?! cannot fall, however great is the illumination. 
This minimum is actually E^, the stopping potential', 
E 2 is independent of the illumination; the termination of 
the thick line means that the glow cannot ever start at a 
potential less than that at which it would stop in the un- 
illuminated cell. If the illumination is so great that, before 
E 2 is reached, the current flowing through the cell is already 
comparable with that carried by the glow discharge, then 
it is not to be expected that the attainment of potentials 
at which the glow would start at lower illuminations should 
produce the sudden increase of current characteristic of the 
starting of the glow. For such high illuminations there is 
no glow potential or stopping potential in the usual sense ; 
there is gradual transition from the conditions of no glow 
to those of the glow ; as the potential is increased, a stage 
is reached at which the current does not fall to zero, or even 
decrease appreciably, when the light is removed ; the cell is 
now insensitive to light, and the passage to the glow discharge 
is complete. This stage is indicated in Fig. 27 by the point 
at which the characteristic merges into the upper thick 
line, which represents the relation between voltage and cur- 
rent in the glow discharge. 

The two thick lines form together a “limiting curve” 
which divides the area of the diagram into two parts, that 
to the left, which represents combinations of voltage and 
current that can exist if the illumination is appropriate, and 
that to the right, which represents combinations that cannot 
exist at all. When a characteristic meets any point of the 
limiting curve, the cell changes from a state sensitive to 
light to a state insensitive; the lower part of the limiting 
curve represents unstable states and, when a character- 
istic meets this part, the cell immediately flies over to the 
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upper part which represents the stable glow discharge. The 
characteristics fall into two classes according as they ter- 
minate on the upper or lower part of the hmiting curve, and 
there is a critical illumination which divides the two classes. 
Actually, the critical illumination cannot be determined pre- 
cisely, because in this neighbourhood measurements are 
irregular; in the area shaded in the figure no consistent 
measurements at all can be made, but comparatively narrow 
limits between which it must lie can be found. There is no 
indication of any part of the limiting curve between the two 
portions shown. 

The illumination affects the characteristic in two other 
ways of minor importance, which are not shown in Fig. 27. 
At very large illuminations the space charge due to the 
photoelectrically hberated electrons has the same effect as 
in the vacuum cell (page 25), but more markedly; the 
characteristic rises less steeply at very low voltages. Again, 
the wavelength of the light is said to have some influence ; 
but there is a difference between different observers concern- 
ing the magnitude and even the sign of the influence. Our 
own experiments disclose no effect of the frequency com- 
parable with that of the intensity of the illumination ; and 
since illuminations of the same intensity but different fre- 
quencies have seldom to be compared, any variations in 
the characteristic due to change in frequency will usually 
be masked completely by variations due to change in 
intensity. 

Again an influence of the distribution of the light might be 
anticipated. If the light is concentrated on one small part 
of the surface and the rest is dark, it might be expected that 
this part alone would be effective, and that the shape of the 
characteristic would be that appropriate to high illumina- 
tions ; while if the same light is spread uniformly over the 
whole surface, the form would be that appropriate to low 
illuminations. But this expectation is falsified; in cells of 
normal construction the form of the characteristic is deter- 
mined almost entirely by the total light entering the cell, 
whether it is concentrated or diffused ; if there is any effect 
of distribution, it is masked by changes due to the lack of 
uniformity of the sensitive surface (page 33). The reason 
is that the variations in the form of the characteristic are 
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due to the actions of the positive ions. The positive ions 
do not return to the part of the cathode whence came the 
electrons that produced them, but are distributed almost 
uniformly, even if the source of the electrons is concentrated 
in one spot. The distribution of the light does not determine 
the distribution of the positive ions or, therefore, the form 
of the characteristic. On the other hand, in very large cells 
with light distributed very unequally, some effect of the 
distribution may be appreciable. 

Particular Cells. Nothing has been said so far in this 
chapter about the nature of the cathode. According to the 
original theory of Townsend, on which our discussion has 
been based, this should be immaterial, until the voltage 
applied becomes very near the glow potential ; the main part 
of the voltage characteristic should be determined wholly 
by the geometrical form of the electrodes and the nature 
and pressure of the gas. But the facts fail entirely to accord 
with this expectation, as is shown in Fig. 28, where the 
characteristics are given of two cells, both with electrodes 
of the same form, filled with argon to the same pressure 
and with the same primary photoelectric emission, but one 
having an Elster-Geitel cathode of sensitized potassium, the 
other a thin film Cs-O-Ag cathode. The same emission 
corresponds, of course, to a much smaller amount of light 
received by the cell with the latter cathode. The character- 
istic with the latter cathode is steeper throughout and ter- 
minates at a much lower glow potential. 

The difference is due to the much greater number of 
secondary electrons emitted from the thin film cathode 
when the ionization of the gas is the same. The result in 
practice is that a cell with a thin film cathode cannot be 
used except with quite moderate gas factors — 10 is about 
the limit ; gas factors of 50 or more, possible with the less 
sensitive potassium cathode, are out of the question ; even 
if they are ideally obtainable, the characteristic is so steep 
that they are useless. Accordingly, in gas-filled cells, the 
gain in sensitivity arising from the substitution of a thin 
film for a potassium cathode is much less than in vacuum 
cells. But at the same time the complications that we have 
been discussing vanish; gas-filled cells with very sensitive 
cathodes can only be used in the region where the gas factor 
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is nearly constant and the current very nearly proportional 
to the light. 

The facts displayed in Fig. 27 are therefore much less 
important than they were a few years ago, when only 
cathodes of the old type were available. Nevertheless, since 
the older cathodes are still sometimes used, a little more 



Fig. 28 . Chahactebistics of Similar Gas-filled Cells 
HAVING Different Cathodes 


must be said about them. Though the facts are qualitatively 
true of all cells, they vary quantitatively with the form of 
the electrodes. The chief types to be distinguished arc 
those in which cathode and anode are of about the same 
size (e.g. type A, Fig. 11), and those in which the cathode 
is much larger than the anode (e.g. type B and G, Fig. 11). 
Fig. 27 refers to the former type ; in the latter type the 
difference between the glow and stopping potentials is much 
greater, and so is the interval between the upper and lower 
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parts of the limiting curve; the approximately horizontal 
part of the lower limiting curve covers a much larger volt- 
age range and the upper curve is outside the range of 
practically useful illuminations. The practical result is that 
the type with small anode is preferable for small illumina- 
tions; but if the illumination is so large that the upper 
limiting curve is attainable in the type with equal anode 
and cathode that type can give a much larger gas factor. 

A form of cell introduced by Dunoyer needs special men- 
tion here. Tt is hemispherical, the cathode lying on the 
curved surface, while the Hat surface is almost plane and 
of bare glass with a rod anode close to it. The charges 
developed on the plane glass surface near the anode affect 
the characteristic greatly. The lower and upper parts of 
the limiting curve are no longer separated by a region of 
instability ; even at moderate illuminations, stable gas fac- 
tors of several hundred can be obtained by applying poten- 
tials exceeding the nominal glow potential. The relation 
between current and illumination in this region is not even 
approximately linear, and its use is therefore not suitable 
for any kind of measurement ; but if the illumination is of 
a suitable strength and the largest possible response to it is 
desired, these cells may be useful. However, they have not 
come into general use. 

The Gas-filled Cell in Practice. The facts have been ex- 
])ressed so far in a way that brings out the principles under- 
lying them. For practical purposes, it is sometimes better 
to express them in another way. In Fig. 29 the currents 
through the cell to which Fig. 27 refers are plotted against 
the primary photoelectric emission. The abscissae are thus 
])roportional to the quantity of light entering the cell, and 
the ratio of the ordinates to the abscissae is the gas factor ; 
when the curves are straight lines, the gas factor is constant 
and the current is proportional to the light. The different 
curves refer to the voltages on the cell marked against them ; 
they terminate (if at all) on the dotted line, which represents 
in another form the lower part of the limiting curve of Fig. 27 . 
The numerals marked against the terminations are the maxi- 
mum gas factors. 

The curves illustrate again some facts already noted. If 
it is necessary that the current should be proportional to 
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X 10'^amp. 



20 40 60 80 100 120 140 160 

L, Primary photo-electric current, 
measured in 10'^ amp. 


Kio 29. Variation or Current with Illumination at 
Various Voltages 
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the light, only the straight part of the curves of Fig. 27 
must be used; either feeble lights must be used or, with 
stronger lights, low voltages. The limit at which marked 
deviation from proportionality occurs is fixed by the current 
rather than by the light ; for all lights it lies between 2 and 
3 microamps. Again, if proportionality is not demanded, 
and the object is to obtain the greatest current from a given 
light, the maximum current, limited by the glow potential, 
does not increase nearly so rapidly as the light ; over most 
of the range of Fig. 29 the maximum gas factor attainable 
increases as the light decreases, and the maximum current is 
more nearly independent of the light than proportional to it. 

The Characteristic Conductivi^. Fuither, we have as- 
sumed that the voltage across the cell, when once adjusted, 
remains independent of the current passing through it. This 
assumption is never accurately true. For there is always 
some resistance in the circuit exterior to the cell ; if a con- 
stant voltage is applied to the circuit as a whole, that applied 
to the cell will fall as the voltage drop in the exterior resist- 
ance increases with the current. If the exterior resistance 
is merely that required to protect the cell from damage, i.e. 
about 10,000 ohms, the variation of the voltage across the 
cell with the current will be generally inappreciable ; but in 
certain methods of using cells much larger resistances than 
this are employed, and their effect is very important. 

If the illumination of the cell is constant and the voltage 
across it is varied, a small change in voltage dE will produce 
a proportional small change in current di. Accordingly, for 
small changes of voltage the cell behaves as if it were an 


dE 


ohmic conductor with resistance r — and conductivity 
~ dE' 


When the illumination varies, but the voltage 


about which the small changes occur is constant, F is pro 
portional to i ; hence if we write 


y = rii = 


1 di 
i ' dE 


(16) 


y (which is called the characteristic conductivity) is nearly 
independent of the illumination, and a function only of the 
voltage; it is the relative increase in gas factor due to 
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an increase of 1 volt in the voltage, so that if the current 
through the cell increases by x per cent when the voltage is 
increased by 1 volt, then y ~ a;/ 100. 

Because of the characteristic conductivity, the current is 
not proportional to the illumination when there is much 
exterior resistance, even if the cell works on a part of the 
characteristic where there would be proportionality if the 
applied voltage were constant. Let be the illumination, 
measured by the primary photoelectric current, (j the gas 
factor at the voltage E, R the exterior resistance. Then i, 
the current in the circuit, is given by 

i = i^{l-yRi) . . . (17) 

If we are measuring the current by the voltage drop e in the 
exterior resistance, then the appropriate formula is 

e = i^R(l-ye) . . . (18) 

In each case the expression in brackets is a correcting factor 
determined by the characteristic conductivity of the cell. 
Some idea of its magnitude should be given. If the cell is 
working on a part of its characteristic far from the glow 
potential, y will be of the order of 0-02 ; if it is working near 
the glow potential it may be as high as O'l. Accordingly, if 
an error of 1 per cent is important, the drop across the 
exterior resistance must not exceed 0*5 volt in the first case, 
or 0-1 volt in the second. If the exterior resistance is only 
10,000 ohms, the error will not enter until the current is lO/^A . 
In a vacuum cell y need not be greater than 0 001, and the 
effect of the characteristic conductivity is always negligible. 

y (which in this connection is usually termed the slope of 
the characteristic) determines in other ways the largest gas 
factor that can be used ; for, when it is large, the steep part 
of the characteristic is being approached and the complica- 
tions that we have considered before are likely to enter. 
The question arises therefore how the highest permissible 
gas factor and anode voltage are to be determined in any 
particular instance. Rules for adjusting the voltage to give 
the utmost sensitivity were given in previous editions, but 
they will be omitted here. The maker of a cell now usually 
indicates the best voltage ; when he does not, or the circum- 
stances are exceptional, the principles that have been dis- 
cussed must be invoked. 
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Time-lag. The interval between the incidence of light on 
the cathode of an emission cell and the emergence of the 
corresponding quota of electrons is certainly less than 10 * 
sec. ; there are theoretical groimds for believing that it is 
literally immeasurable. That does not mean that from a 
vacuum cell the current reproduces accurately the varia- 
tions of the light, however rapid they may be ; for, in order 
to produce a current or any external effect, the electrons 
have to cross the space between the electrodes and then 
charge to a finite potential difference the condenser formed 
by the two electrodes of the cell and by any conductors 
connected to them. The time required for crossing never 
exceeds 10 ® sec. in practical conditions ; any apparent time- 
lag in response is due wholly to presence of the condenser 
and can be reduced without limit by reducing its capacity. 

On the other hand, in a gas-filled cell there may be a true 
lag of current behind light; when the cell is exposed to 
rapidly varying light the current does not reproduce accu- 
rately the variations. This lag is of the greatest importance 
in the use of cells for picture-telegraphy, for the reproduc- 
tion of talking films, and, above all, for television. Here it 
appears in the guise of an effective sensitivity, decreasing 
as the frequency of the light variations is increased, which 
is usually displayed by frequency response curves. These are 
taken by interrupting the light incident on the cell by a 
rotating disc pierced with holes, the holes being formed so 
that the light varies harmonically about its mean with fre- 
quency n ; the amplitude of the alternating component 
of the photoelectric current, is measured after amplification 
by a valve voltmeter. If there were no time-lag, would 
be the same at all frequencies, so long as the amount of light 
and the sensitivity of the cell were unaltered. Actually 
decreases against n in gas-filled cells; the change can be 
shown, independently of the amount of the light and the 
sensitivity of the cell, by plotting iji^ against n, where 
is the value of in for very low frequencies. 

Typical frequency response curves obtained in this man- 
ner are shown in Figs. 30 and 31. Fig. 30 refers to the same 
cell (of the type of No. 2 in Fig. 31) with different anode 
voltages and therefore different gas factors G, It shows how 
much greater is the fall in sensitivity at the higher gas 
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factors. For the same light, is always greater at the larger 
gas factor ; but the gain in sensitivity due to the gas factor 
(that is to say, the effective gas factor) is reduced at the 
higher frequencies in the ratio ijia- At higher frequencies 
than those shown, the gain due to gas-filling becomes almost 
negligible. 

Fig. 31 shows how greatly the fall in sensitivity due to 



Frequency (periods per sec.) 

Fig. 30. Fkequbncy Response Cukves 


time-lag may vary from cell to cell. The cells are here 
tested at the gas factors at which they would probably be 
used ; it will be seen at once that reduction to the same gas 
factor would exaggerate rather than remove the differences. 
Curve (1), showing small time-lag, refers to a cell with K~H 
cathode-on-wall (type (7, Fig. 11) and argon filling; curve 
(2) to a cell with Cs-O-Ag cathode-in-centre (type B, Fig. 
11) filled with argon; curve (3) to a cell with Cs-O-Ag 
cathode-on-wall filled with helium. The curves illustrate 
the general rule that, at the same gas factor, the time-lag 
is greater with cathodes of greater emission to light of long 
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wavelength and with helium as compared with argon as the 
filling gas. It appears also that the geometrical form of the 
cell has some effect ; the time-lag is smaller in the smaller 
cell, and is generally less with cathode-in-the-centre than 
with cathode-on-wall. 



Fio. 31. TiMifl Lag in Various Emission Cnlls 

The precise nature and cause of this time-lag is still 
uncertain. One way to investigate it is to throw light 
suddenly on the cell, maintain it constant until the current 
reaches a steady value and then turn it off suddenly, follow- 
ing the changes of the current meanwhile, for instance, with 
an oscillograph. In Fig. 32 the course of the light changes 
is shown by the dotted line, that of the current by the full 
line. The current rises suddenly to the value OP, increases 
gradually in a finite time t to the value O^Q (which is the 
steady current corresponding to the steady light), falls sud- 
denly to OyR when the light is turned off and then gradually 

6— (5619) 
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decays to zero. The effective time-lag, that is to say, the 
extent to which time-lag distorts the ideal relation between 
light and current, is roughly measured by the ratio of the 
area PNQ to the area ONQO^, It thus increases both with 
the ratio PNjON and with the time 00^, that is to say, 
both with the fraction of the current subject to lag and 
with the lag to which it is subject. 

The gradual rise from OP to OiQ is exactly similar to the 
gradual fall from QR to zero, so that the area PNQ is 
exactly equal to the area RO^X, Consequently the total 
quantity of electricity passing through the cell is the same 



Fig. 32 . Time Lag in Gas-pilled Emission Cell 

as would have passed if there had been no lag at starting 
and stopping, and if the current had followed the course 
ONQOi, This is very important; for it implies that the 
mean current from the cell is independent of the frequency 
of interruption of the light. If light is thrown on a cell 
through holes in a rotating disc and the current measured 
by a sluggish galvanometer, then the steady reading of the 
galvanometer is completely independent of the speed of 
rotation of the disc. Again, it appears that the increase in 
time-lag when the voltage on the cell and therefore the gas 
factor are increased, as shown in Fig. 30, is not due entirely 
to an increase in the fraction of the current subject to time- 
lag, i.e. to an increase in PNjON ; some at least of it is 
due to increase in the lag 00^. 

The simplest explanation of these facts is that the lag 
represents the time required for the positive ions to reach 
their final destination at the cathode. The positive ions 
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move much more slowly than the electrons in a given electric 
field ; owing merely to its greater mass an argon atom takes 
270 times as long as an electron to travel a corresponding 
distance in a vacuum ; in a gas the difference is still greater 
owing to its greater size and more frequent collisions with 
molecules. Accordingly, though the time that the current 
takes to cross the cell may be inappreciable when it is 
carried by electrons, it may be appreciable when the current 
is carried by positive ions. The greater effective time-lag 
with thin-film cathodes would then be due to the greater 
importance of secondary emission at the cathode. A sec- 
ondary electron is not emitted until the ])ositive ion arrives 
at the cathode ; it then starts and may produce more posi- 
tive ions which have to reach the cathode and may excite 
further secondary electrons — and so on. The current may 
not be finally steady until positive ions have traversed the 
cell several times. 

There must be some time-lag arising in this way, and 
perhaps it is a large fraction of the whole in cells which 
show comparatively little lag when the light is varied with 
low frequencies. But it can hardly explain a large lag at 
frequencies below 1,000 p.p.s., such as some thin-film cells 
display ; nor can it explain why the lag in helium should be 
greater than that in argon ; for the helium ions move faster 
than the argon ions. This difference between helium and 
argon is generally (and doubtless rightly) attributed to the 
greater facility with which metastable atoms form in helium. 
A metastable atom is one in which an electron has been dis- 
placed by a collision (or by radiation) without being ejected ; 
it is uncharged and can exist for a long time without change ; 
but if it comes near the cathode it will return to the normal 
state by giving up its excess energy, acquired at the collision, 
to an electron of the metal, which may then emerge. The 
presence of such metastable atoms, unaffected by the field, 
but diffusing to the cathode at which they produce secondary 
emission, clearly explain the existence of a time-lag. Never- 
theless it is still difficult to imderstand all the quantitative 
relations that have been discovered and, in particular, the 
increase of the lag (as distinct from the proportion of the 
current affected by lag) with increase of voltage. 

Other causes of time-lag have been suggested ; for 
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instance, an actual delay in the discharge of an ion when 
it arrives at the cathode or a delay between collision and 
ionization (especially by positive ions). But there seems no 
positive evidence in their favour. Some theories proposed 
are inconsistent with the facts recorded under (2) above : 
if the total quantity of electricity that passes is independent 
of the frequency of interruption of the light, there can be 
no interaction between the effects of light incident at dif- 
ferent times ; the time-lag must arise in the process follow- 
ing the emission of a single electron, not from the interaction 
of different primary electrons or of their products. How- 
ever, more work is needed ; the subject has not received the 
attention that its theoretical interest and practical impor- 
tance demand. 

Secondary Emission Cells. Finally, mention must be made 
of a proposal for obtaining some of the advantages of gas- 
filling without its disadvantages. Secondary electrical emis- 
sion is produced, not only by the impact of positive ions, 
but also by the impact of electrons. When electrons bom- 
bard a metal surface (which need not be of low work -func- 
tion, but may be an ordinary metal such as nickel), the 
number of secondary electrons emitted may be three or four 
times as great as the number of primaries. This fact is of 
great importance in thermionic valves. Suppose, then, that 
we cause the photoelectric electrons to bombard a metal 
surface with an appropriate velocity, which will correspond 
to a few hundred volts ; and that we measure the secondary 
electrons emitted. Then we shall obtain a magnification of 
the primary current, similar to that produced by a gas factor. 
It will be smaller; but the current should be always pro- 
portional to the light and free from time-lag. The method 
has not yet been fully proved, but has to be borne in mind. 
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CHAPTER IV 

RECTIFIER CELLS 

Fundamental Properties. According to the theory of Chap- 
ter I, there is an essential similarity between rectifier and 
emission cells. In both cases the effect of the light is to 
cause electrons to cross a boundary at a rate which, for light 
of given quality, is proportional to the intensity of the light. 
The only difference is that in the emission cell the electrons, 
having crossed the boundary, cannot return across it under 
the action of an electric field, while in the rectifier cell they 
can return ; in the emission cells the boundary is a complete 
insulator, in the rectifier cell it is a conductor. It appears 
therefore that, for many purposes, it should be possible to 
represent a rectifier cell as an emission cell P, shunted by a 
conductor of finite resistance R (Fig. 33), and to express its 
properties in terms of the properties of the equivalent emis- 
sion cell and of the value of R, 

This is indeed the fact; our discussion will be based on 
this equivalence. But first the introduction of the external 
circuit of resistance r containing the indicating instrument 
6r requires some consideration. For the ceU consists of a 
boundary between two different materials, the semi-con- 
ductor {S) and the metal {M)\ if these are joined by an 
external circuit, there must be somewhere in it another 
boundary between S and M across which the current fiows 
in the opposite direction. If the two boundaries were similar 
and were equally illuminated, each would counteract the 
effect of the other and no resultant photoelectric current 
would flow. This difficulty might be avoided by illuminating 
only one boundary; but that is not the solution adopted 
in practice. We have called rectifier cells by that name, 
because they are also rectifiers. A circuit with two similar 
boundaries can never rectify; rectification is essentially a 
property of circuits containing two dissimilar boundaries. 

Our theory indicates how boundaries may be dissimilar ; 
they may differ in the width of the gap separating 8 and M, 
It has already been recorded that this width infiuences the 
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degree of rectification ; and it is not difficult to see that, if 
the width vanishes entirely and nothing intervenes between 
S and M, the boundary can have none of the properties we 
discussed. In the absence of light and potential difference, 
the potentials of S and M always have to set themselves so 
that states of the same energy on either side of the boundary 
contain equal numbers of electrons, so that the flow in both 
directions is the same. If there is no gap and therefore no 
obstacle to electrons passing across the boundary, nothing 
can disturb this equality; any cause tending to disturb it 
will immediately be neutralized by the movement of elec- 
trons. Rectification and also a photoelectric effect demand 

r 
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Fia. 33 . Equivalent of Rectifier Cell 

that the resistance R in Fig. 33 should be finite and not zero. 
It is nob quite so easy to see why rectificaion should vanish 
at the other extreme when the gap is very wide ; but a full 
calculation shows that it should do so ; however, although 
rectification may vanish, the photoelectric effect may remain . 

There should therefore be found experimentally three 
classes of boundary — 

(1) Those which neither rectify nor give a photoelectric 
effect ; 

(2) Those which do both ; and 

(3) Those which give a photoelectric effect, but do not 
rectify. 

Classes (1) and (2) certainly exist, and will be termed 
respectively inactive and active boundaries ; class (3) prob- 
ably exists, but it is not practically important at present ; 
for our purpose it may be included in class (2). These classes 
differ according to the presence or absence of what Schottky, 
before the theory was fully understood, appropriately called 
a ‘‘Sperrschicht’’ (‘"blocking-layer”); in Germany, rectifier 
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cells are called Sperrschicht cells, and the term would be 
appropriate here if it were more translatable. 

Construction of Rectifier Cells. If active boundaries had 
no properties but rectification, it would be impossible to 
decide definitely which were active and which inactive ; we 
could only say that of the two boundaries of a rectifying 
circuit, one must be active and the other inactive. But the 
photoelectric property, combined with subsidiary evidence, 
enables us to decide. It is known that the boundary between 
a semi-conductor and a metal simply pressed on its surface 
is always inactive. On the other hand, there are at least 
two ways of obtaining active boundaries. 

One was discovered by Grondahl in 1920 and is applicable 
when the semi-conductor is cuprous oxide (CugO). At first, 
only the rectifying properties of the boundary were known ; 
the photoelectric properties were described by Grondahl and 
Geiger in 1927, and independently by Lange in 1930. This 
method is employed in making the well-known Westinghouse 
metal-plate’’ rectifiers, of which the cuprous oxide rectifier 
cell is a simple development. It consists in forming a layer 
of cuprous oxide on the surface of a copper plate by heating 
it in air at about 1040"^ C. and subsequently annealing it at 
about 600° C. The active boundary is then formed between 
the parent copper and the overlying oxide; an inactive 
boundary is formed by pressing a metal plate (usually lead 
in a rectifier) on the surface of the oxide. 

The second method investigated, but perhaps not dis- 
covered by, Waibel and Schottky consists in depositing a 
metal (usually gold or platinum) layer on a semi-conductor 
by “sputtering” from the cathode of a discharge through a 
gas at low pressure. It is applicable to either cuprous oxide 
or selenium. The inactive electrode is then a metal plate 
supporting the semi-conductor and giving it mechanical 
strength. Deposition of a metal layer by condensation of 
the vapour evaporated from a heated metal does not usually, 
if ever, give an active boundary when cuprous oxide is used ; 
the metal must be sputtered. But other methods of forming 
the layer can apparently be used with selenium. 

These facts and particularly the last, would be difficult 
to explain if the boundary layer separating S and M were 
indeed a vacuum or layer of gas, as supposed in Chapter I. 
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For it would seem that intimate contact, an infinitely thin 
layer, and therefore an inactive boundary should be pro- 
duced by the methods that actually produce an active 
boundary, rather than by the simple pressing into contact 
which actually produces an inactive boundary . But the layer 
is almost certainly not a vacuum or layer of gas ; it is a layer 
of the material of which the semi-conductor is composed, 
chemically pure and therefore devoid of impurity states. 
Such a material has practically no electrons in its free states ; 
it will be exactly equivalent to a vacuum in respect of the 
qualities relevant to our discussion on page 18; the only 
difference from a vacuum lies in the possession of a band of 
full states, lying at a considerable distance below the free 
states, which plays no part in rectification or the photo- 
electric effect. 

The methods that actually produce active boundaries are 
likely to lead to the formation of a layer of pure material. 
For the impurity that confers the impurity states on cuprous 
oxide is almost certainly oxygen ; the conductivity of this 
substance is closely related to its content of excess oxygen. 
In the first method this excess is removed from the boundary 
by combination with the parent copper ; in the second it is 
removed by the discharge that deposits the metal ; for such 
discharges are known to act chemically as reducing agents. 
It is not so certain what is the impurity that makes selen- 
ium a semi-conductor; but if, as is probable, it is any 
oxidizing impurity, it will behave like the oxygen in cuprous 
oxide. 

If this view of the boundary layer is correct, it appears 
that not every semi-conductor need be capable of providing 
rectifiers and rectifier cells. A further condition is that the 
impurity must be easily removable from its surface layers. 
Perhaps this is why cuprous oxide and selenium are the 
only semi-conductors that have come into general use ; but 
the reason may be that the field has been insufficiently 
explored. 

In order that a rectifier should act as a rectifier cell, light 
must be able to reach the active boundary between S and 
M ; it can do so only by passing through either S or M. 
If the active boundary is made by the first method, the 
construction shown in Fig. 34 is adopted; the metal at 
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the inactive boundary, is a grid or a plate with a single hole 
in it; the light passes through the hole and through S to 
Ml, liberating electrons at the active boundary there. Since 
the photoelectrons liberated travel from S to M^., they travel 
in the same direction as the light in such cells, which arc 


L/g/it 



Fig. 34. Diagram of Back-wall Cell 


called back-wall {hinterwand). If the active boundary is 
made by the second method, the layer of deposited metal is 
made so thin as to be transparent; the light then travels 


Light 



Fig. 35. Diagram of Front-wall Cell 


from to S across the active boundary (Fig. 35); its 
subsequent course is unimportant. In such cells, the photo- 
electrons travel against the light ; the cells are called front- 
wall (vorderwand). 

Properties of Rectifier Cells (i and L). We now proceed to 
consider those properties of rectifier cells that determine 
their use in practice; we shall state them in terms of the 
equivalent circuit of Fig, 33. 

In dealing with emission cells, we started with the rela- 
tion between i and E, the applied voltage. In rectifier cells 
the E.M.F. in the external circuit is almost always zero; 
the occasional departures from this practice will concern us 
later; at present we shall assume that it is zero. We may 
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then proceed at once to the variation of the current i with 
the quantity of incident light L, which in a given cell may 
be measured by the illumination. 

If the resistance R in the equivalent circuit of Fig. 33 
were constant, this property would be very simple. The 
current in the external circuit i would be a constant fraction 
of the photoelectric current flowing across the boundary ; 
it would be proportional to the light. But R is not constant 



if the cell is a rectifier ; for rectification implies that R varies 
with the potential across the boundary and with current 
flowing through the cell. 

The usual method of expressing the properties of a rectifier 
is shown in Fig. 36. Here the curves marked / give the 
relation between current / through the rectifier (ordinates 
on right-hand scale) and E, the E.M.F. in a resistanceless 
external circuit; they are typical of a ‘‘metal -plate” recti- 
fier of the type we are considering. The curve R gives the 
relation between resistance (ordinates on left-hand scale) 
and voltage ; the resistance is defined as Efl. The full curve 
refers to a rectifier cell in the dark ; the dotted curves show 
how the characteristics are changed by the photoelectric 
current that flows when the cell is illuminated. 

It may seem at first sight that we should obtain the 
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information we want, if we plotted R against I rather than 
K, identified I with the photoelectric current, and applied 
the corresponding value of R to the equivalent circuit of 
Fig. 33. But the matter is much more complicated. The 
primary photoelectric current flows from 8 to which is 



Iflumination.Oumens per sq. cm) 

Fig. 37. Variation of Resistance with Illumination 
IN Rectifier Cell 

the direction of negative / in Fig. 36; the current in the 
external circuit continues in the direction from 01 ^ to 01 2 , 
and this is the direction of a ‘‘reverse’’ rectifier current. If 
the resistance of the external circuit is not zero, a potential 
differential is established across the boundary and a return 
current flows in the direction of positive / ; the relevant 
value of R is the value corresponding to this return current, 
which is not equal to i, the current in the external circuit, but 
is the difference between % and the primary current, which is 
not directly measurable. Accordingly, Fig. 36 does not pro- 
vide a convenient way of deriving the relation we seek. 
Nevertheless it prfjpares us for a feature of the relation, 
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exj)resscd in a more convenient way. Since R decreases 
against E and 1 in the relevant positive half of Fig. 36, we 
shall not be surprised to find that the R in Fig. 33 decreases 
against the light incident on the cell. And, in fact, we find 
that it does so decrease. Fig. 37 shows how the resistance 



Fig. 38 . Current and Illumination in Rectifier Cell for 
Various Values of External Resistance r 

measured for E — O, varies with the illumination in a 
particular cell. 

Now, since, in Fig. 33, 

i = / . BUR + r) (20) 

where i is the measured current and I the primary current 
proportional to the light ; and since B decreases against I, 
i will increase less rapidly than the light, the departure from 
linearity increasing with Rjr. In Fig. 38, i is plotted against 
the illumination L for different values of the external circuit 
r, the cell being that of Fig. 37. It will be seen that i is pro- 
portional to L over a large range of illumination only if r is 
so small that it is always small compared with R. If r is 
comparable with B, i is proportional to L only at small 
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illuminations, and the ratio of i to L decreases against r. 
If the sensitivity of the indicating instrument were inde- 
pendent of its resistance, it would be desirable to use one of 
the least possible resistance ; and, conversely, if I were inde- 
pendent of the cell, it would be desirable to use a cell with 
the greatest possible resistance. 

Rq depends partly on the semi-conductor. It is generally 
larger for selenium cells (which may have Rq — 10,000 ohms 
for an area of 5 sq. cm.) than in cuprous oxide cells (in which 
Rq is seldom more than 1000 for the same area). It is, of 
course, roughly inversely proportional to the area ; thereby 
a new consideration enters. In emission cells, if the quantity 
of the light and the nature of the cathode are constant, the 
area of the cathode and distribution of the light are im- 
material. This is not so in rectifier cells. If the illuminated 
area is fixed, it is best to choose a cell having exactly that 
area, for any dark portion merely acts as a shunt. If the 
quantity of light is fixed and the illuminated area can be 
varied (e.g. by a lens), it is preferable to use a small cell 
and concentrate the light on it, if the largest value of i is 
required ; for the decrease in R due to the stronger 
illumination is more than offset by the smaller Rq. If, on the 
other hand, proportionality of i to is required, it may be 
desirable to spread the light evenly over the largest possible 
area so as to reduce the intensity at any point. 

We have so far supposed that the photoelectric effect is 
measured by the current flowing in an external circuit. It 
might also be measured by the potential difference e estab- 
lished between S and M on open circuit, an electrostatic 
or compensating potentiometric method being used. In an 
emission cell {R ~ oo in Fig. 33), the equilibrium value of 
e is independent of the quantity of the light ; it is determined 
by the velocity of the electrons leaving the cathode and 
depends only on the wavelength of the light and the contact 
potential between cathode and anode. If R were finite and 
independent of the light, e would increase at first with L, 
but the same limit would be approached under sufficiently 
intense illumination. But actually R depends on L] e may 
then be determined by different considerations, namely, a 
balance between increase of primary current with L and 
decrease of R agaiiist L, The relation between e and L is 
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therefore very complex, involving the quality of the light. 
Since e is also less easily measured than i, methods involv- 
ing e are not likely to be of practical importance. It may 
be recorded, however, that a formula 


e = Co 


L 

L d 


(21) 


has been found to hold over a considerable range ; Cq and a 
are independent of the quantity of the light, but may vary 
with its quality. 

Properties of Rectifier Cells (I and A). The second impor- 
tant property is the variation of the current with the quality 
of the light. The current now will always mean the primary 
current I, which can be measured directly by making r 
sufficiently small compared with B. This property is best 
expressed by the quantities of Chapter II as the emission of 
the equivalent vacuum cell in Fig. 33. The facts are simpler 
than those of Chapter II, because the number of types of 
cell at present in use is much less than the number of emis- 
sion cathodes, and because cells professedly the same are 
actually more uniform; but there are still very material 
differences between professedly similar cells. Fig. 39 shows 
for typical cuprous oxide front and back wall cells and 
selenium cells, which are always front wall cells ; the corre- 
sponding values of £ for T' = 2848 ® K. and 2400 ® K. are 
given on the diagram. The difference between the front and 
back wall cells arises mainly, if not entirely, from the absorp- 
tion of the light in passing through the cuprous oxide 

It should be mentioned that there is some evidence that 
the effects of independent beams of light of different quality 
are not strictly additive. If this suspicion is confirmed — 
and it is so far only a suspicion — ^the discrepancy must be 
attributed to the changes produced in the remaining elec- 
tronic states by the ejection of an electron from one of them 
— an effect quite conceivable when the sparsely distributed 
impurity states are concerned. The practical result would 
be that the mean emission E would not be related to ai by 
any simple formula such as (9) on page 45. Since the abso- 
lute values of ox in Fig. 39 are calculated from the absolute 
values of E by that formula, there may possibly be error 
from this source. 
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Again, some cuprous oxide cells, illuminated by led light, 
have been found to give currents in the wrong direction, i.e. 
carried by electrons Mowing from to while the current 
under white or blue light is in the right direction. This dis- 
crepancy is probably due to the fact that the boundary 
between S and M^. as well as that between 8 and is an 
active boundary, so that the cells are partially back -wall 
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and partially front-wall. Such cells are anomalous and arc 
to be avoided. 

Properties of Rectifier Cells (MisceUaneous). In a vacuum 
emission cell the photoelectric current is almost completely 
independent of temperature T. In a rectifier cell R decreases 
rapidly with increase of T, as theory predicts. If r is not 
very small compared with Ji, % should decrease against T 
on this account. But / may increase with T. Oiu* simple 
theory indicates no such change, except in the neighbour- 
hood of the threshold (see page 28) ; but a change in the 
impurity states might produce it. If it exists, i might in- 
crease with T when r is small, owing to increase of I, and 
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decrease against T when r is large, owing to decrease of R. 
The facts are uncertain, since the experiments of different 
observers show apparent discrepancies, which may be largely 
due to a failure to state the value of rjR. Most (but not all) 
observers agree that in cuprous oxide cells, i decreases against 
T at a rate of the order of 1 per cent per degree C near room 
temperature ; some find that in selenium cells i is almost 
independent of T or increases at the rate of about 0-2 per 
cent per degree. At the temperature of liquid air R becomes 
practically infinite and the properties of a rectifier cell 
almost identical with those of an emission cell, but I is 
apparently much less than at room temperatures. 

There are similar discrepancies about the stability of 
rectifier cells. Some maintain that the current under con- 
stant illumination is constant indefinitely, others that it 
decreases gradually. It is not clear whether the decrease 
observed is permanent or is reversed when the light is re- 
moved. A gradual change in the cell for long periods after 
its preparation is to be expected; for rectifiers are known 
to show such an ''ageing.” In view of these uncertainties, 
the reader can only be recommended to examine the facts 
for himself, if they are relevant, with the actual cell he x>ro- 
poses to use ; irregularities are certainly less when methods 
of measurement are used which eliminate the effects of 
changes in R, (See p. 170.) 

True "time-lag” is completely absent in the rectifier cell, 
as in the vacuum emission cell, if the external E.M.P. is zero ; 
f is determined completely by the instantaneous value of 
the light. But the cells possess a very considerable electro- 
static capacity, which is that of the condenser formed by S 
and separated by the boundary layer which is not more 
than 10 ® cm. thick. It should be represented in the equiva- 
lent circuit of Pig. 1 as a condenser (7, in parallel to i?, with 
a capacity of the order of 0-1 ^P per square centimetre of 
cell area. But the presence of this condenser cannot produce 
an enormous apparent time-lag, as it might in vacuum cells 
if r were large, because R is never greater than a few thou- 
sand ohms. Even if (7 is 1 ^P, the time constant 27tRC of 
the circuit will not exceed 0*01 sec. ; accordingly, even ap- 
parent time-lag is negligible for many purposes. 

Lastly, a word is required on the application of an 

7 — (5619) 
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external E.M.F. to rectifier cells. Greater sensitivity, i.e. 
a greater change of current due to the incidence of a given 
quantity of light, can undoubtedly be obtained by the use 
of such an E.M.F. ; but it is partly due to the change of 
resistance of the semi-conductor, not to a boundary effect. 
Rectifier cells used in this way resemble conductivity cells, 
with all their advantages and disadvantages, and so belong 
to the next chapter. The nature of the change produced by 
light in these conditions will appear from an examination 
of the three characteristics of Fig. 36 ; the magnitude, and 
even the sign of the change of current, depends on the 
E.M.F. applied; the relation between light and change of 
current is very complicated. It is doubtful whether the 
increased sensitivity is ever worth the difficulties arising 
from these complications. 

Photo-voltaic Cells. The first photoelectric effect to be 
discovered, prior even to the photo-conductivity of selenium, 
was the Becquerel effect. It consists of a change of the 
E.M.F. in a voltaic cell when one electrode is illuminated. 
There are apparently two separate effects of this kind. One 
is associated with particular electrolytes, especially organic 
dyes, and arises from the illumination of the liquid near the 
electrode ; it is probably similar in principle to photo-con- 
ductivity. The other is associated with particular electrodes, 
and arises from the illumination of the electrode -electrolyte 
boundary ; it is almost certainly a boundary effect, precisely 
similar to that we have just been considering, the electrolyte 
playing the part of the metal M^. 

Cells utilizing this effect have been sold recently under the 
trade name ‘"Arcturus.” They seem to consist essentially 
of an active electrode of copper coated with cuprous oxide, 
immersed in a solution of sodium sulphate (or other simple 
neutral salt), and surrounded by an inactive electrode of 
copper. If rectifier cells had not appeared, they would prob- 
ably have been very important in practice ; for they give 
photoelectric currents, requiring no external E.M.F., larger 
even than those of rectifier cells. But they suffer from many 
of the defects of the conductivity cells we are about to con- 
sider. The current is never accurately proportional to the 
light; they are unstable and are apt to deteriorate even 
when not used, and they are affected by a time-lag, which 
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may be merely ‘‘apparent” and due to capacity, but is not 
the less prominent in practice. For these defects their 
greater sensitivity is hardly a compensation ; moreover, their 
sensitivity is not equal to that of conductivity cells. They 
are falling out of use as rectifier cells become better known. 
Accordingly we do not propose to discuss them ; for we do 
not know of any purpose for which they are preferable to 
all of the three classes to which our attention is confined. 


REFERENCES 

1. The development of the theory of these cells may be traced in : 
W. Schottky, Phys. Zeit 31, p. 913, 1930; 32, p. 853, 1931, and F. 
Waibel and W. Schottky, Phys. Zeit. 32, p. 833, 1931 ; 33, p. 583, 
1932 ; W. Jus6, Nature, 132, p. 242, 1933 ; H. Teichmann, Roy. Soc. 
Proc. 139, p. 105, 1933. 

2. The history of the OU 2 O rectifier and cell is given by L. O. 
Grondhal, Rev. of Modem Physics 5, p. 141, 1933. The independent 
discovery by Lange in Brit. Pat. 360391, and B. Lange, Phys. Zeit. 
31, p. 139, 1930. The selenium rectifier cell seems to have been first 
described by L. Bergmann, Phys. Zeit. 32, p. 286, 1931. A new type 
of rectifier cell, not yet in general use, is described by C. G. Fink 
and Alpern, Trans. Amer. Electrochem. Soc. 62, p. 369, 1933. 

3. The data given in the text are derived from L. Bergmann (loc. 
cit.) and Zeit. f. Techn. Phys. 14, p. 157, 1933; A. Dressier, Xic/d 
u. Ldmpe 21, pp. 35 and 211, 1932; B. Lange, Phys. Zeit. 32, p. 
850, 1931 ; Naturunssenschaft 19, p. 527, 1931 ; A. Coldmann and 
M. Lukasiewitch, Phys. Zeit. 34, p. 66, 1933 (measuring e not i ) ; H. 
Teichmann, Zeit. f. Phys. 67, p. 192, 1931, and L. Dubar, Comptes 
Rendus 193, p. 659, 1931 (temp, effect). The effect of the plane of 
polarization of the light is described by I-*. Bergmann, Phys. Zeit. 33, 
p. 17, 1932. 

4. For use of rectifier cells with external E.M.F., see A. Dressier, 
lAcht. u. Ldmpe, 21, p. 35, 1932; F. Waibel and W. Schottky, Phys. 
Zeit. 33, p. 583, 1932. 

5. For Becquerel effect, see Hughes and du Bridge {loc. cit.). 
Chapter IX; also F. Waibel, Zeit. f. Phys. 76, p. 281, 1932. For 
Apcturus cells, see commercial literature issued by the makers. 



CHAPTER V 

CONDUCTIVITY CELLS 

Primary and Secondary Current. The difference between a 
conductivity cell and a rectifier cell is primarily one of 
boundary conditions. In Chapter I we supposed that in a 
rectifier cell the electrons raised to higher states by the light 
were all so near the boundary that they could reach it with- 
out material loss of energy; but if they were produced 
farther from the boundary, nothing would be changed, so 
long as the states into which they were raised were running 
states, and a small field were applied to provide the energy 
lost in passing along a running state. If the boundary con- 
ditions were the same, a thick slab of semi-conductor placed 
in an electric field and illuminated at the middle would act 
exactly like a rectifier cell made of the same semi-conductor. 
But if the boundary is such that the electrons cannot cross 
it, they will accumulate there, setting up a field opposing 
the applied field and ultimately preventing further flow. 

This condition of affairs was first detected clearly by 
Gudden and Pohl in zinc blende and in rock-salt coloured by 
X-rays, both of which are semi-conductors. A brief flash of 
light produces a momentary primary current ^ and results in 
the appearance at the surface in contact with the electrode of 
a charge, proportional to the intensity of the light and to the 
time for which it has acted, and independent of the electric 
field, so long as it is above some limit. But a further con- 
tinuation of the light does not result in an asymptotic rise 
of the charge to a maximum and the cessation of all current. 
A secondary current continues to flow however long the light 
acts, much less simply related to the intensity of the light 
and the strength of the field. 

The continued secondary current is evidence that the 
electrons are escaping from the semi-conductor at the posi- 
tive electrode and entering it from the negative. They can 
do so only because the field created by their accumulation 
at the boundary has changed completely the distribution of 
states there. Further, their loss from the relatively small 
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number of impurity states in the interior, leaving positive 
charges behind, changes these states. Lastly, the positive 
charges may move to the negative boundary and produce 
yet further changes of the states there. Since the properties 
of a material are determined by its electronic states, the 
original semi-conductor has ceased to exist ; it is replaced 
by a new and different substance. The final steady value 
of the current is determined by the conductivity of this new 
substance, which may be very different from that of the old. 
The part played by these various changes cannot be dis- 
tinguished clearly in the present state of our knowledge, and 
it is impossible to predict the properties of the new sub- 
stance ; but there is no doubt that this account of the sec- 
ondary current is qualitatively correct, although it may not 
be entirely complete. 

In some substances, such as rock-salt and even cuprous 
oxide, the changes are comparatively small, and the primary 
and secondary currents can be distinguished. In others, 
such as selenium, the changes are enormous and, even in the 
shortest measurable initial period, the primary current is 
wholly masked by the secondary. It is the large secondary 
currents that make these substances useful for conductivity 
cells. Hence a complete theory of the conductivity cell can- 
not be given ; but it is useful to regard it as analogous to a 
photographic plate rather than to an emission or rectifier 
cell. The changes on which its use depends are not a direct 
effect of the light ; they are due to a transformation of the 
nature of the material consequent on a ‘ 'development” of 
the primary effects of light by sources of energy (the chem- 
ical developer in one case, the field in the other) independent 
of the light. In one case as in the other this process of 
development occupies an appreciable time. 

And now we will leave theory completely on one side and 
state those properties of conductivity cells relevant to their 
use. It is evidence of the complexity of the changes that, 
though conductivity cells have been studied for a much 
longer period than any other type, much less trustworthy 
quantitative information is available. All that we give has 
been selected from published work ; we have used our own 
knowledge only where it is necessary to decide between 
conflicting statements. 
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Construction of Conductivity Cells. Modem conductivity 
cells usually have the form shown in Fig. 40. A glass plate is 
coated with a thin film of metal (usually gold), which is then 
divided by a zigzag line so as to form two interlacing grids, 
which are connected to terminals. A thin film of semi-con- 
ductor is then deposited over the whole ; the conductivity 
measured is therefore across the width of the zigzag line. 
The plate is enclosed in an evacuated vessel to preserve it 
from chemical attack by the air. Selenium in the grey 
modification is the usual material; but alloys of selenium 
and tellurium have also been used, as well as a thallous oxy- 
sulphide (“thalofide” cell). The thalofide 
material is sensitive to light of long wave- 
length ; the alloys are useful chiefly because 
they permit some adjustment of the region 
of maximum sensitivity. Where the con- 
trary is not stated, we refer primarily to 
selenium; but in most respects all these 
materials are qualitatively the same. 

Since a semi-conductor owes its properties 
to impurity states, the performance of the 
cell depends greatly on the exact method 
of preparation. The impurity is probably 
oxygen. The procedure adopted always in- 
Fto. 40 eludes a carefully adjusted heat-treatment ; 

it is usually a tr^e secret and, even when it 
is described in detail, attempts to follow the description 
seldom give the expected result. The thalofide substance 
seems to be particularly capricious; this is probably why 
it is seldom employed. 

Commercial cells are usually designed for use at some 
voltage between 100 and 250, and have a resistance (for 
selenium) between 5 and 100 megohms. Thalofide cells may 
have a resistance as high as 1,000 megohms. 

Current and Voltage. Even in the dark conductivity cells 
do not obey Ohm’s Law exactly. The current at constant 
voltage generally increases somewhat with lapse of time 
since its application ; when the voltage is changed the cur- 
rent increases more rapidly than the voltage. These de- 
partures from Ohm’s Law may be due, at least in part, to 
increase of temperature due to the passage of the current. 
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But if the voltage prescribed by the maker is applied for a 
few minutes before measurements are taken, Ohm’s Law is 
nearly true for any probable departures from it ; similar cells 
may therefore be compensated for change of voltage by con- 
nection in a Wheatstone Bridge. The voltage should not be 
reversed for any length of time ; the maker usually gives the 
direction in which it is to be applied. Evidence concerning 
the effects of an A.C. voltage is conflicting ; but some makers 
offer A.C. cells. 

These statements apply primarily to the relation in the 
dark. Data concerning the relation when the cell is illum- 
inated are scarce; but it is probable that the changes of 
current with voltage are still qualitatively the same. 

Current and Temperature. According to theory, the con- 
ductivity of a semi-conductor, and therefore the current 
through it at constant voltage, should increase rapidly with 

rise of temperature, following the law R exp. ^ ~ where 

b is in the region of 10^. The facts confirm expectation, at 
least approximately ; the dark current increases about 2 per 
cent per 1° C. temperature rise at room temperatures. The 
current when illuminated changes in the same sense, but less 
rapidly. It follows that the increase in current produced by 
light decreases as the temperature rises; in some cells at 
least (data are scanty) the decrease of the effect of light at 
room temperature is about \ per cent per 1° C. rise. This 
relation is said to hold even down to liquid air temperature, 
where the dark conductivity is almost nil, but light produces 
a greater change in current than at room temperatures. It 
would appear desirable therefore to use conductivity cells 
at as low a temperature as possible, at least if time-lag is of 
no importance. 

Current and Time. We have already noted that the de- 
velopment of the secondary current from the primary cur- 
rent takes a finite time. Accordingly, when light is thrown 
on the cell or cut off, the current will vary in some such way 
as that shown in Pig. 41. The form of the rise and fall of 
current consequent on a change of light varies greatly in the 
measurements of different observers, and so does the time, 
denoted by required for the cun*ent to reach a steady 
value. (The current approaches its final value asymptotically 
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and ^0 cannot be defined very precisely ; we take it to be 
the period after which a further change of 1 per cent does 
not occur in further period Iq.) The efforts of manufacturers 
of cells have been devoted lately to producing cells in which 
^ 0 , the time-lag, is as small as possible ; and they appear to 
have been successful. For, while a few years ago l^be 
best cells was to be measured in minutes, its value for the 
cells lately described by Metcalf, to which Pig. 42 refers, is 



Fig. 41. Time-lag in Conductivity Cell 


only about 0-1 sec. But a word of warning should be given ; 
Iq appears to depend greatly on the exact conditions, and 
we have not always been able to confirm the value claimed 
by makers for their cells. A long is usually associated 
with a general instability, so that, even if time is allowed 
for the current to become steady, the same value of the 
current does not always correspond to the same value of 
the light, if the previous variation of the light differs con- 
siderably; the response is a complicated function of past 
history. 

But, even if is as low as ()•! sec., the time lag will affect 
greatly the response of the cell to rapidly varying light; 
frequency response curves similar to those discussed on 
pages 71 to 74 are important, in being again the ampli- 
tude of the A.C. component of the current produced when 
light varying with frequency n is incident on the cell. 
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Curves for selenium cells of various types have been given 
by several observers ; it is remarkable that they agree much 
more closely than the differences in Iq would suggest. This 
is not incomprehensible; for when the frequency is more 
than 100 p.p.s., the output is determined by a stage in the 
development of secondary from primary current that is 
hardly accessible to direct observation. Fig. 42 shows the 
frequency response curve of a selenium cell given by Metcalf 
(with whose results Schoenwald and others agree closely) ; 
it is expressed in the same manner as in Figs. 30, 31, except 
that the standard 100 per cent response is taken to be that 



Fig. 42 . Frequency Response of Selenium Conductivity 
Cell 


at 500 p.p.s. and not that at very low frequencies this 
change is necessary because the curve is so steep and not 
flat at low frequencies. It will be seen that the decrease of 
effective sensitivity against frequency is more rapid than in 
even the worst gas-fllled emission cell. 

Current and Quantity of light. It is evident that if any 
relation between ciurent and quantity of light is to be 
obtained, the time for which the light acts must be defined. 
The only statement that seems independent of this time is 
that the current increases less rapidly than the quantity of 
light ; and even when two observers have professed to de- 
fine the time in the same way, their results seldom agree in 
more than this. Either cells differ greatly among themselves 
or the relation is very sensitive to the definition of the time 
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or to other conditions of use. In either case, any precise 
relation can be valid only over so narrow a range that it is 
of no general interest ; all attempts to state a general rela- 
tion with a few adjustable constants are doomed to failure. 

Accordingly we shall give only two curves. The first 
(Fig. 43a) is due to Metcalf, and shows the relation between 
the increase in current when a steady illumination is main- 
tained for so long that further changes with time are in- 
appreciable. The light is that from a tungsten filament at 
2870° K. The sensitivity, i.e. the ratio of change of current 



Fig. 43a. Relation between Light and Steady Current 
FOR Conductivity Cell 

to change of illumination, is greatest when the illumination 
is small; the tangent at the origin gives 0-75 The 

area of the cell was probably about 6 cm.^ ; consequently the 
sensitivity is about 1200 ywA/lumen, very much greater than 
the sensitivity of any emission or rectifier cell. But this 
comparison is not strictly legitimate. The response of a 
conductivity cell is determined by illumination and not by 
quantity of light. With a given quantity of light, the re- 
sponse is greatest when it is evenly spread over the cell and 
when the cell is small ; other things being equal, the sensi- 
tivity in lumens is inversely proportional to the area of the 
oell. These are important points to remember in practice. 

The sensitivity as defined here is roughly proportional to 
the applied voltage ; but a voltage higher tlxan that assigned 
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by the maker (in our example, 100 volts) should never be 
applied ; and there is seldom reason to apply a lower volt- 
age. Sensitivities considerably greater than that given have 
been claimed by other makers ; but some at least of them 
have been attained by sacrificing stability or increasing time- 
lag. The effective sensitivity for practical use increases 
somewhat with the resistance in the dark and with the ratio 
of the change of current produced by light to the current in 



Fig. 43b. Variation of Currknt with Intkrmittbnt 
Illumination in Conductivity Cell 

the absence of light. The total change in the resistance of 
the cell of Fig. 43a produced by a very great amount of light 
is approximately from 6 to 0*75 megohms. A change of 2 
per cent in the conductivity, and of 0'32 in the current, 
such as is due to a change of 1° C. in temperature, is pro- 
duced by 3 X 10-* lumens ; so that if light of less amount 
than this is to be detected, care must be taken to keep the 
temperature constant. 

The second result (Fig. 43b) is due to Schoenwald and 
gives (in arbitrary units) i„, the alternating component of 
the current due to illumination interrupted (or rather varied 
harmonically between zero and a maximum) at a frequency 
of 1600 p.p.s. Curve A refers to this intermittent illumina- 
tion alone ; curve B to the superposition on it of a constant 
illumination of 0*4 lumen, only the alternating component 
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still being measured. The response, is now much more 
nearly proportional to the illumination, but the sensitivity 
measured by the slope of the straight portion is much less. 
Schoenwald’s cell was not very sensitive ; absolute values of 
in in //A/L are not given by other workers and cannot be 
obtained by extrapolation to zero frequency because the 
curve is so steep. Accordingly it is not certain how the 
sensitivity to rapidly varying light compares with the sensi- 
tivity to steady light ; but it appears likely that the sensi- 
tivity in the neighbourhood of 10,000 p.p.s. is of the order 
of 100 //A/L (and indeed less than this) when the sensitivity 



Fig. 44 . Wavelength Sensitivity Curves for Conductivity 

Cells 


for steady light exceeds 1000 //A/L. This great decrease of 
sensitivity is, of course, another aspect of the frequency- 
response curve (Fig. 42). 

Current and Quality of light. We now require informa- 
tion similar to that contained in the emission curves of 
Chapter II. Since the response, however measured, is 
not really proportional to the light, it is impossible to sep- 
arate entirely quality from quantity. But if a very small 
light is used or an alternating light not too small, there is 
approximate proportionality ; we can measure sensitivity as 
before by the change of the current produced by steady 
light, or by the amplitude of the component produced by 
intermittent light, always of the same energy but different 
wavelength. There is no evidence how far the sensitivities 
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measured by these two methods are similar in their varia- 
tion with wavelength; but since the results obtained by 
different workers by different methods do not differ very 
greatly, it may be assumed that they agree nearly. Any 
difference is likely to be obscured by differences between 
individual cells, which are probably nearly as large with 
conductivity as with emission cells. Pig. 44 gives a typical 
result for [a) a selenium cell and (6) a thalofide cell. The 
very marked maximum is found by all observers ; its posi- 
tion on the wavelength scale is very variable, but it always 
lies well on the red side of the maximum of the visibility 
curve. Conductivity cells are therefore much more ''red- 
sensitive” than the eye and definitely sensitive to the in- 
visible infra-red; to short wavelengths they are compara- 
tively insensitive. These are the chief facts of practical 
importance. 

Other Conductivity Cells. It must be insisted again that 
])hoto-conductivity is not a property peculiar to selenium, 
tellurium, and the thalofide substance. Many other mate- 
rials display it ; but, though they may have various advan- 
tages over selenium, they lack the advantage that alone 
makes conductivity cells practically interesting, namely, 
sensitivity. At one time it seemed that silver chloride 
might be used (^), but to-day the only likely alternatives to 
selenium cells are rectifier cells used with an E.M.F. in the 
external circuit. Claims have been advanced that greatly in- 
creased photoelectric currents can be obtained by this means 
without a sacrifice of linearity of response and freedom from 
time-lag ; but they do not seem to be substantiated ; recti- 
fier cells used as conductivity cells appear to have all the 
drawbacks of other conductivity cells, and are superior to 
them only in so far that, owing to their construction, they 
are adapted for use with lower voltages. We shall therefore 
content ourselves with references to an account of their use 
in this manner (®). 


KEFERENCES 

1. For a general account of photo-conductivity, see Hughes and 
DuBridge (loc. ciL), Chapter VIII. 

2. No mention is made in this book of the Dember “ Crystal effect/’ 
because it is so far of purely theoretical interest. (See e.g. H. Dember, 
Phya, Zeit, 33, p. 207, 1932.) 



102 


PHOTOELECTBIC CELLS 


3. The data are mainly taken from G. F. Metcalf, Electronics \ 
B. Schonwald, Ann, d, Phys, 15, p. 395, 1932. (See also F. Schroter 
and F. Michelssen, Photoelectric Cells and Their Applications (dt. 
ante), p. 208, and G. B. Barnard’s book. The Selenium Cell (Constable) 
is a mine of facts ; but the ore and the dross are still unseparated. 
For the thalofide cell, see R. Sewig, Zeit. f, Techn, Phys, 11, p. 269, 
1930. 

4. For photo-conductivity of AgCl, see F. C. Toy and G. B. 
Harrison, Proc, Roy, Soc, A, 127, p. 631, 1930. 

5. For rectifier cells used as photo-conductivity cells, see Reference* 
(4) to Chapter IV. 



PAKT II 

THE USE OF PHOTOELECTRIC CELLS 

CHAPTER VI 

SOME OEITERAL PRINCIPLES 

Detection, Comparison, and Measurement. The objects and 
methods of using photoelectric cells are many and various. 
But there are certain elements common to all of them. It 
will save time if we begin with some very general considera- 
tions, although they may seem at first sight too abstract for 
a practical handbook. 

In every application we are concerned with variations in 
some ultimate cause L, which is related to variations in 
some immediate effect y through the action of the photo- 
electric cell and its subsidiary apparatus. Thus L may be 
the luminous flux from a lamp, y the position of a spot on 
a galvanometer scale; or L the reflecting power of some 
object scanned in television, y the brightness of a neon tube ; 
or L the colour of an indicator in volumetric analysis, and 
y the note in a telephone ; and so on. By studying the possible 
forms of the relation between L and y we can classify the 
objects of various applications and the methods available 
to attain them, and can establish criteria to decide how far 
each class of method is suitable for each class of object. 

We begin with objects. These we may classify as detec- 
tion, comparison, and measurement. Our object is detec- 
tion, if we merely wish to distinguish whether L lies within 
or without certain limits; it is comparison, if we wish to 
decide whether one L is the same as some other L; it is 
measurement, if we wish to distinguish every L from every 
other different L, and to assign numerals to represent the 
differences. Achievement of these three objects imposes con- 
ditions of progressively increasing stringency on the relation 
between L and y. If the object is detection, it is sufficient 
that every y corresponding to an L within the limits is dis- 
tinguishable ftom every y corresponding to an L without 
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them. If it is comparison, it is necessary further that no 
two Us should correspond to the same y, but it is not neces- 
sary that no two y's should correspond to the same L, 
Measurement consists in measuring y and making use of a 
numerical law between L and y ; then the relation between 
L and y must be expressible mathematically by an analytic 
function or graphically by a smooth curve, and (in practice) 
the function or the curve must have one of a few simple 
forms. 

The recognition of these differences is important, because 
greater stringency in one direction often necessitates less 
stringency in another, or at least some loss of convenience. 
If our object is measurement, we cannot expect the latitude 
of choice possible in detection; if, on the other hand, we 
merely want to detect, it is unwise to hamper ourselves by 
the limitations required for measurement. 

But though the three operations are distinct, both com- 
parison and detection can lead to measurement. Thus, if 
we have at hand a sufficiently large collection of systems of 
which the Us have already been measured, we can measure 
any other system by comparing it with the standard systems 
and deciding which of them has the same L, Again, detec- 
tion can usually be associated with control ; y can consist in 
the operation of some mechanism which is started or stopped 
according as L falls within or without the limits. The 
mechanism can then often be arranged to alter L so that it 
falls at the boundary of limits, to measure it by the amount of 
alteration required, and to record the measurement. Many 
problems of measurement are thus really problems of 
comparison or of detection ; more than a superficial analysis 
is required to classify them. We shall often use the term 
measurement, for the sake of brevity, to include both 
comparison and detection when no confusion is likely to 
arise ; but we hope to preserve the distinction whenever it 
is material. 

Sensitivity, Accuracy, and Precision. We now turn from 
objects to methods. These are distinguished by the nature 
of their y's, and of the intermediaries connecting them with 
L, But before we discuss this aspect, let us consider some 
desirable qualities of methods. 

Whether the object be measurement, comparison, or 
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detection, an important quality of the method is sensitivity. 
This word is often used loosely with many slightly different 
meanings ; when a precise and definite conception is required 
it is better to use the sensitivity limit, (It is unfortunate 
that the smaller sensitivity limit corresponds to the greater 
sensitivity in the ordinary sense; but this anomaly is un- 
avoidable except at the expense of verbal clumsiness, and, 
once it is observed, need cause no confusion.) The sensi- 
tivity limit (AL) of a method of detection is the least differ- 
ence between two Us lying on opposite sides of the limit of 
detection; of a method of comparison, the least difference 
between two Us that can be judged different ; of a method 
of measurement, the least difference between two Us to 
which different numerical values are assigned. The concep- 
tion may be usefully extended also to the y's, and to any 
magnitudes intermediate between L and y in the chain of 
cause and effect. Thus the sensitivity limit (At/) of y is the 
least difference between two y's that can be directly distin- 
guished; and if y is the scale reading of a galvanometer 
actuated by the currents through the cell due to its illumina- 
tion, Ai is the least difference between two currents that the 
galvanometer will distinguish. 

The sensitivity limit is closely connected with accidental 
error, and usually arises from the failure of the same y 
always to correspond to the same L, Although the connec- 
tion does not amount to identity, it will be unnecessary 
for us to distinguish between them. However, the connec- 
tion has a consequence that we must notice carefully. If the 
same y always corresponded to the same L, it would follow 
that AZ/ = dLjdy , ^y, where dLjdy would be fixed by the 
average relation between L and y. But since different t/’s 
may correspond to the same L, dLjdy is not determinate, 
and the true AL may differ widely from that calculated from 
Ay. We shall distinguish these respectively as the effective 
and the ideal sensitivity limits. The distinction is very 
important ; for while the ideal sensitivity limit of L decreases 
with dyjdL, the effective limit sometimes decreases against 
dyjdL. 

Another important quantity is accuracy. Though acci- 
dental error prevents a relation between L and y from being 
valid in each instance, it permits a statistical relation such 

8— (5619) 
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as is embodied in a numerical law. Many methods of 
measurement and some of comparison involve the assump- 
tion that some particular numerical law, or other statistical 
law, is true; for instance, that y is proportional to L. If 
this assumption is not true, the method is inaccurate and 
affected by systematic error ^ which can sometimes be meas- 
ured by the departures from the law ; it will then be repre- 
sented by El, or Ey, In principle, accuracy and sensitivity 
are quite independent, but unfortunately they are often 
mutually antagonistic. 

Precision is the resultant of sensitivity and accuracy. A 
method is precise when both the sensitivity limit and 
systematic error lie below some assigned limit. 

Sensitivity limits and error usually depend on and increase 
with L and y\ but the relative sensitivity limit or error, i.e. 
Ai/iy, Eyjy, etc., often decrease against L and y. 

These considerations have a special application to null 
methods^ in which some form of compensation is introduced, 
so that a value of L which would otherwise correspond to a 
large y corresponds to y = 0. Their primary advantage is 
sensitivity ; Ay is usually least when y = 0. Thus if a cur- 
rent which would throw the galvanometer spot off the scale 
is compensated, a smaller shunt can be employed. If the 
method is one of pure comparison by substitution, and the 
equality of the two is observed by replacing one by the 
other, the gain in sensitivity need be accompanied by no 
loss of accuracy. But sometimes the compensating means is 
used for measurement, L being measured by the amount of 
compensation required to bring y to zero. In that case the 
accuracy depends on the nature of the compensation, and 
the use of compensation may or may not increase precision. 
This is sometimes overlooked, because in the most familiar 
instance of compensation, namely, the Wheatstone bridge, 
compensation does increase accuracy as well as sensitivity ; 
it so happens that the law that corresponding arms are pro- 
portional is more nearly true than the law that the deflection 
is proportional to the conductivity. But this is a fortunate 
chance, quite unconnected with the general properties of 
null methods. 

Measurement by compensation is most likely to be accurate 
when the introduction of compensation leaves the apparatus 
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symmetrical ; compensation that introduces asymmetry sel- 
dom leads to precision, however much it may increase sensi- 
tivity. Even when there is no measurement in our sense, 
but only comparison by substitution, some advantage in 
accuracy may lie with the more symmetrical compensation. 

Compensation and Substitution. Let us now proceed to 
particulars. In the remainder of this part L will generally 
be a photoelectric current ; we shall be primarily concerned 
with methods of measuring such a current, though in Chap- 
ter IX we shall deal with some other quantities associated 



Fig. 45. Compensation Method Fig. 46. Compensating Circuii 

USING Ohmic Resistance using Two Cells 


with the incidence of light on a photoelectric cell. The con- 
nection between the photoelectric current and the pro- 
perties that it is used to measure will be the subject of 
Part III. There are certain devices that can be associated 
with all methods ; these must receive attention first. 

Some of them are concerned with compensation in null 
methods. Fig. 45 shows, applied to an emission cell, the 
standard method of compensating any current flowing 
through an indicating instrument 0 by means of an equal 
and opposite current supplied from a battery E through an 
ohmic resistance R, An alternative method of compensa- 
tion is shown in Pig. 46 when the compensating current is 
derived from another photoelectric cell suitably illuminated. 
One or other of these two methods, or some simple variant, 
is employed in almost all photoelectric null methods. 

Our general discussion indicates that the second method 
is preferable, as being more symmetrical. And this is gen- 
erally the fact. If both cells can be illuminated by the same 
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source of light, it has the very important advantage of 
making the conditic^n of balance independent of variations 
in the source, a frequent cause of accidental error ; but, of 
course, both cells must then respond in the same way to the 
variations. It may also make the balance independent of 
variations in the battery Eq or other source of supply. This 
advantage is most marked with conductivity cells ; for Fig. 
46 then becomes a Wheatstone bridge. It is absent with 
rectifier cells, which have no supply, and not very important 
with vacuum emission cells, which are almost independent 
of the supply voltage. (But here variation of the movable 
contact on the potentiometer resistance r' sometimes gives 
a useful fine adjustment, since the currents in the cells vary 
very slowly with its position if they are nearly saturated.) 
It would be valuable with gas-filled cells, if a pair having 
the same characteristic could be used; but actually charac- 
teristics are so little uniform that the variations in the 
supply are not easily balanced out by this method. Lastly, 
it has the advantage with vacuum cells, and even with gas- 
filled cells which are of very high equivalent resistance, of 
involving little loss of sensitivity; in Fig. 45 (7 is reduced 
in effective sensitivity by being shunted by i?, which it may 
be inconvenient to make as large as the cell resistance. 

On the other hand, the method of Fig. 45 has one advan- 
tage, namely, that the compensating current, and thus the 
current it compensates, can be measured absolutely in terms 
of E and R. This advantage is likely to be greatest when 
the cell is one giving a current proportional to light, so that 
the compensating current measures the light without any 
calibration. 

Measurement by comparison, involving the substitution 
of an unknown light (or current) by a known equal light, is 
also of great importance in photoelectric work. In the form 
that is being ever more widely used it is known as the alters 
nating light method. Two beams of light are thrown in rapid 
alternation on the same cell ; if they are not equal, there 
is an alternating component in the resulting current ; this 
alternating component is separated from the steady mean 
current by means of transformers or condensers and de- 
tected by a suitable instrument. Since equality of the beams 
is indicated by the vanishing of an A.C., the method is a 
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null method not involving compensation. But it is some- 
times advantageous to use it in conjunction with compen- 
sation ; the steady current from the unknown light being 
compensated approximately at least, by one of the methods 
already mentioned. 

The merit of this method arises from the ease with which 
small A.C. currents and voltages of any frequency above 
50 p.p.s. are amplified by thermionic valves. Further, if the 
frequency of the alternation is carefully controlled, the A.C. 
component of the photoelectric current can be readily separ- 
ated from spurious currents by means of electric filters or 
their equivalent tuned to that frequency (but see page 153). 
For the detecting instrument, a vibration galvanometer is 
highly suitable ; or the A.C. component may be rectified and 
detected by a D.C. instrument. Both of these plans have 
the disadvantage that the sign of the unbalance cannot be 
distinguished, so that it is not immediately clear in which 
direction the known light has to be changed to produce a 
balance. This objection can be overcome by passing the 
A.C. component, usually after amplification and separation 
from the steady component, through a commutator to a 
D.C. instrument, the commutator being run in synchronism 
with the alternations of light. The direction of defiection 
will then change with the sign of the unbalance. It is not 
easy to construct a commutator that does not introduce the 
accidental error that the method is designed to avoid: 
though the difficulty has been successfully overcome by 
several workers, it is generally better to avoid it, if possible, 
by subsidiary devices for detecting the sign. 

If sensitivity is to be obtained, the A.C. component must 
really vanish when the lights are equal ; this demands that 
one is thrown on the cell exactly as the other is thrown off, 
so that the total light incident is constant. Any departure 
from this ideal will introduce an A.C. component of double 
frequency, which may in principle be removed, but in prac- 
tice is better avoided. The standard method of achieving 
this is shown in Fig. 47. The two optical systems, S and S\ 
which are to illuminate the cell alternately, are made mirror 
images of each other in the plane AB (Fig. 47a). In this 
plane is placed a rotating disc (Fig. 476), having clear sectors 
and mirror sectors of equal size. The cell is placed at C; it 
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receives light from S, or S\ according as a clear or mirror 
sector is at AB ; if S and S' are true mirror images and 
(strictly) if the transmission coefficient of the clear sector is 
equal to the reflection coefficient of the mirror sector, there 
can be no change of total light. Other methods can, of course, 
be used ; but this is certainly the best. 

The ease of detecting an A.C. current has led to the use of 
modifications of this method that are not substitution 
methods. Thus, in the compensation method of Fig. 46, the 
lights to be compared can be directed alternately on the 
two cells. It has even been proposed to apply it to Fig. 45, 



either by alternating the light on the cell and compensating 
it from a source of A.C. voltage replacing E, or even by 
supplying the cell constantly illuminated with A.C. voltage. 
These methods may have the merit of instrumental simplic- 
ity, but they can have no other merit. The last is essentially 
inaccurate unless the voltage-current characteristic of the 
cell is linear over the range of A.C. applied ; this condition 
is never really fulfilled in emission cells, to which the method 
has been applied. On the other hand, when conductivity 
cells are placed in a Wheatstone bridge, there is much to be 
said for feeding the bridge with A.C. if valve amplification 
is to be applied. 

Lastly, it may be noted that, even in a direct reading 
method, there may be advantage in replacing a D.C. by an 
A.C. photoelectric current, if it is to be amplified. The light 
may be interrupted; or the cell fed from an A.C. supply; 
or the current interrupted by a mechanical switch. The 



SOME GENERAL PRINCIPLES 


111 


first method is often employed in detection, and is very 
suitable when artificial light (which can be interrupted) has 
to be distinguished from stray daylight. The second is 
employed in television, the A.C. being of the frequency 
of the carrier that is to be modulated. The third has 
been employed, somewhat heroically, in especially difficult 
circumstances (^). 
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CHAPTER VII 

CURRENT MEASUREMENT 

Electrolytic Methods. A current may be measured electro- 
magnetically, electrostatically, or electrolytically. The last 
procedure, in which the current is passed through an electro- 
lytic cell and the quantity of electricity that has passed 
determined from the quantity of some (usually cathode) 
product, is not much used ; but where a very variable cur- 
rent has to be integrated over a long period, as in the 
measurement of daylight, it has some applications. Atten- 
tion may be drawn to Wilson’s ingenious, but neglected, 
micro-coulombmeter (^). 

Electromagnetic Methods 


System 

Resistance 

(Ohms) 

Period 

(Secs.) 

(^A for 

Full Scale) 

Pointer — 

Unipivot 

Double-pivoted 

1,000 

20 

4 

4 

24 

125 




(Deflection in 
mm. for 1 ^A) 

Moving Coil, 

Reflecting — 

General use 

Especially ballistic . 

400 

2,800 

4 

22 

800 

12,000 

Moving Magnet, 

Reflecting — 

Paschen 

:i,ooo 

0 

130,000 

Vibration 

1,400 

Vibration 

period 

0-01 

60 

Einthoven String — 
Extreme sensitivity 

4,000 


60,000 
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Electromagnetic measurement may also be treated briefly, 
not because it is limited in range — it is used much more 
frequently than any other — ^but because it is so familiar. 
Nobody needs to have explained to him the operation of 
a micro-ammeter, galvanometer, or electromagnetic relay. 
All that need be given is some information concerning the 
performance of re})resentative members of the various 
classes of instrument. 

The most important characteristics of a galvanometer are 
(a) the resistance; (b) the period required to take up a 
steady reading ; and (c) the sensitivity, (a) is not of great 
importance with emission or conductivity cells, for their 
resistance is always large compared with that of the measur- 
ing instrument ; but it is important with rectifier cells. The 
table on page 112 shows some typical instruments (^) — 

In relays the important characteristics are (a) the resist- 
ance ; (b) the working current required to operate the relay ; 
and (c) the controlled current which the contacts can carry 
under a voltage of about 100. The following values are 
typical — 


Relay 

Resistance 

(Ohms) 

[ 

Workmg 

Current 

Controlled 

Current 

Very sensitive, slow working . 

500 

001 inA 

50 mA 

Telephone relay, quick working 

2,000 

1-5 mA 

200 mA 

Telephone relay, quick working 

500 

6 iiiA 

200 mA 


Attention should be drawn to the ballistic use of electro- 
magnetic instruments for measuring quantity of electricity, 
for this use has been unduly neglected. A ballistic galvano- 
meter may replace an electrometer in the constant time 
method of page 116, and is not much less sensitive (^) ; it 
may also serve as a tuned circuit in valve amplification (see 
page 135). 

Electrostatic Methods— General Theory. In electrostatic 
methods a potential difference is measured by means of the 
force acting on a charged body placed in a field arising from 
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it. If an unlimited current is available to maintain the 
potential difference, they are much less sensitive than electro- 
magnetic methods of measuring potential difference. But if 
the current is limited, because current is really the quantity 
to be measured, they may be much more sensitive ; for the 
measurement does not demand in principle the passage of 
any finite current. In practice, however, some current is 
always demanded for the maintenance of a potential differ- 
ence, because insulation is never perfect ; the sensitivity of 
electrostatic methods is always limited by the perfection of 



Fig. 48 . Mbasubbment of Photoelbotbio Curbbnt 
BY Means of an Electrometer 

the insulation. This is most important; it shows at once 
why electrostatic methods are valuable only with emission 
cells, which alone possess a sufficiently high internal resist- 
ance. 

Any instrument for measuring a potential difference 
electrostatically will be called an electrometer. In the older 
electrometers the charged body on which the force is meas- 
ured was a delicately suspended material body, e.g. a gold 
leaf. It seems possible to-day that they will finally be re- 
placed by the thermionic valve electrometer, in which the 
charged body is an electron in free space. But many essen- 
tial principles will remain unchanged by the replacement. 
Our discussion will therefore be based on the older type of 
electrometer, and we shall use terms and symbols in the 
diagrams suggested by the oldest type of all, the gold-leaf 
electroscope ; thus we shall distinguish the Zea/, an insulated 
conductor of variable potential, from the case maintained at 
a fixed potential. But we shall be careful not to assume 
without notice that the leaf is the body on which the forces 
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are measured, for that assumption is untrue of many of the 
older as well as of the newer electrometers. 

Fig. 48 shows the essential parts of any arrangement for 
measuring photoelectric currents by means of an electro- 
meter. The anode of the cell is here shown connected to the 
leaf ; nothing would be altered if the cathode were connected 
to the leaf and at the same time the battery Eq were reversed. 
When the switch K is opened, the conductor, consisting of 
one electrode of the cell, the leaf of the electrometer, one 
plate of the condenser (if any) and the connections between 
them, receives the photoelectric current i flowing through the 
cell ; if (7 is the capacity of this conductor relative to the 
remainder of the apparatus, the potential E, indicated by 
the electrometer, begins to rise at a rate given by 


so that 


^dE . 



(23) 

(24) 


But as soon as E becomes finite, part of the current flows 
away through the resistance, and we have 


dE E 

so that t 

J^ = JKt(l-e'") 


(25) 

(26) 


where to = BC. 

In the final state all the current flows away through the 
resistance, and E assumes the steady value 


E ==Ri (27) 


E in (27) is the greatest reading of the electrometer that 
the current i can produce, and the ideal sensitivity limit of 
the apparatus is, therefore, Ai = ^E/B, where AE is the 
smallest change of potential the electrometer will show. B 
is greatest when it represents nothing but the unavoidable 
leak of the most perfect insulation that can be used to sup- 
port the insulated electrodes; it may then be as great as 
10^^ ohms. AE need not be greater than 0-001 volt, so that 
Ai may be as low as 10'^* amp. A gas-filled cell may give as 
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much as 10‘^ A. /lumen, so tliat 10'^^ lumen, or the light 
received on 1 sq. cm. from a candle 100 km. distant, might be 
detected. But such sensitivity is not really practicable ; for 
the deflection corresponding to^ in (27) would not be attained 
until after a time much greater than ; G will not be less 
than 5 and therefore not less than 10^^ X 5 X 10"^^ sec. 
= 1^ hours. This calculation is given merely to indicate 
the order of the magnitudes with which we may be concerned 
here ; we will now turn to the conditions of practical use. 

Rate of Deflection Methods. The most usual direct-reading 
methods of electrometer measurement are based on (24). 
For an absolute measurement, the three magnitudes E, G, 
t must be determined; but in relative measurements, two 
of them may be constant and the third determined. In the 
constant voltage method, E and G are constant, and the time 
required for the current to charge the electrometer to a fixed 
potential is determined ; i is inversely proportional to this 
time. In the constant time method, G and t are constant, and 
the potential attained in a fixed time is determined ; i is pro- 
portional to this potential. 

Both methods have their virtues and defects. The con- 
stant voltage method requires no calibration of the scale of 
the electrometer, which is often not even approximately 
linear ; the calibrated instrument is a stop watch or chrono- 
graph. On the other hand, the constant time method is 
suitable for automatic registration; for a mechanism can 
easily be devised to allow the current to flow for a fixed 
time, and then record the reading of the electrometer. The 
constant voltage method cannot be used if the electrometer 
has appreciable inertia, so that the reading does not corre- 
spond to the simultaneous voltage; in the constant time 
method, the instrument can be allowed to come to rest 
before the reading is taken. 

In the constant time method there is no limitation, in 
principle, to the sensitivity other than that which has been 
noted already ; for, accorcfing to (26), i is always proportional 
to E, for a given t, however large t may be. On the other 
hand, the sensitivity of the constant voltage method is 
limited by accuracy ; for (24) is not valid, and i is not in- 
versely proportional to t, unless t is small compared with Iq, 
The limitation thus imposed is the more ^ious the greater 



CURRENT MEASUREMENT 


117 


the difference between the currents to be compared, 
sufficient approximation we have 

b _ ^ / 1 _ E- Z iA 
t'2 \ 2 jB ^1^2 J 


With 

( 28 ) 


The expression in brackets must not differ from 1 by more 
than the permissible error ; that is to say, if an accuracy of 
X per cent is required, it must not differ by more than 
a;/100. As representing rather unfavourable conditions, we 
may take E ~ \ volt, R = 10^^ ohms (for our previous 
value of 10^^ ohms is not easy to attain) ; if currents in the 
ratio of 10 to 1 are to be measured with an accuracy of 
1 per cent, the smallest of them must then not be less than 
5 X 10”^^ amp. It is to be observed that the capacity does 
not affect this limit ; it is important that the capacity should 
be small, only if a limit to t is set by the speed of measure- 
ment demanded and not by its accuracy. In our example, 
accuracy rather than speed will be the determining factor ; 
for, even if G is as large as 100 — it is not hkely to be so 

large — t for the smallest currents is only 200 sec. In fact, 
it is probable that C would be deliberately increased by the 
insertion of a condenser in order to make the time for the 
largest currents conveniently long. 

But though the constant time method is preferable in 
this respect to the constant voltage method, in another 
respect it is inferior. We have supposed so far that the cur- 
rent to be measured is strictly constant, and does not vary 
during the measurement; this assumption will fail if the 
current is not saturated, for the voltage across the cell falls 
as that across the electrometer rises. This is a very serious 
source of error in the constant time method when gas-filled 
cells are used ; for in such cells used at a moderate gas factor 
the current will change at least 2 per cent for a change 
in voltage of I volt, and, if they are used near the limits 
fixed by the glow potential, it may change 10 per cent. 
The constant voltage method is free from this defect, if (as 
is usual) the measurement of current is only a means to the 
measurement of illumination. For since the same range of 
voltage is covered in each observation, t will still be inverselj" 
proportional to the illumination, if at any constant voltage 
the current is proportional to the illumination. To prove 
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this we may use the conception of the characteristic con- 
ductivity of the cell (see page 70), and substitute l/yi (for 
R in (26) ), so that 



i enters only in the combination it. 

From (2^)) we may derive also a formula, similar to (2S), 
for the error incurred by the use of the constant time 
method ; it is 

? = + . . . ( 30 ) 

The relative error thus depends on the difference between the 
absolute values of the extreme voltages observed. For 1 per 
cent accuracy, this difference must not exceed 1 volt if 
y — 0*02, nor 0-2 volt if y = 0-1. There is no limit in either 
direction to the magnitude of the currents, so long as the 
fixed time and the capacity are chosen so as to reduce the 
extreme voltages observed within these limits; since an 
increase of capacity will always result in a reduction of the 
voltages, no difficulty need ever be experienced in fulfilling 
the condition; on the other hand, an electrometer with a 
low sensitivity limit for voltage may be required in order 
that voltages within the narrow range imposed by accuracy 
may be distinguished. 

Steady Deflection Method. A third possible direct-reading 
method is based on (27); the switch is kept open until a 
constant reading of the electrometer is attained ; this read- 
ing is proportional to the current. This may be regarded 
as a variant of the constant time method in which the time 
chosen is long compared with so that its exact value is 
immaterial. It is essential that the resistance R should be 
constant ; the insulation leak is never very constant ; for this 
reason, and also in order that the time required for an 
observation may be kept within reasonable limits, it is neces- 
sary to insert an artificial leak of resistance i?o> small com- 
pared with the insulation resistance R and in parallel with 
it. The sensitivity is necessarily reduced greatly. If a read- 
ing is not to occupy more than 1 minute, iRRst not be 
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more than 12 seconds, if 1 per cent accuracy is sought ; con- 
sequently, if C is as low at 20 /^/^P, E must not be more 
than 6 X 10^^ ohms, and the sensitivity limit for current 
will not be much less than 10*^^ amp. This is certainly 
greater than the sensitivity limit attainable in the measure- 
ment of small currents by either of the other methods. 

Null Methods. The precision of all these direct-reading 
methods of measurement is small, being limited partly by 
sensitivity and partly by accuracy ; it is not easy to avoid 
uncertainties of 1 per cent. In comparison, their precision is 
somewhat greater because accuracy is no longer essential, and 
with carefully-designed apparatus currents differing by only 
0‘1 per cent may be distinguished. On the other hand, most 
of the difficulties that we have been discussing disappear 
if null methods are used. Either of the two methods 
described on pages 107, 108 may be adopted. The leads to G 
in Figs. 45 and 46, are represented by the leads to the leaf 
and earthing switch and to the case ; a balance is attained 
when the electrometer does not begin to charge up if the 
switch is opened. 

When compensation is by means of an ohmic resistance 
i2o, the sensitivity limit for current is where = 

; in order that there may be no sacrifice of sensi- 
tivity, Rq must not be small compared with R, The objec- 
tions to a large value of R^ in the steady deflection method, 
which is closely similar, are no longer serious, because there 
is no need to wait until the deflection becomes steady before 
taking a reading. But, actually, resistances greater than 
10^2 ohms (which is much less than the insulation resist- 
ance should be) are not often employed, because it is diffi- 
cult to obtain such resistances obeying Ohm’s Law. The 
method is valuable when currents of the order of lO'^^ amp. 
or more have to be measured, but is not to be recommended 
for very small currents. The second of the two methods, 
namely, compensation by the current from another photo- 
electric cell subject to a controlled illumination, is entirely 
suitable, even for the smallest currents. But there may be 
some difficulty about calibration when the absolute magni- 
tude of the current has to be known. 

The best method in these circumstances is usually one 
not mentioned in the preceding chapter, because it is 
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suitable only in conjunction with an electrometer. This is 
compensation by electrostatic induction (Fig. 49). As the 
insulated electrode charges up with the current through the 
cell, its potential is reduced to zero by inducing on it an 
equal and opposite charge through the condenser Cq, of 
which one plate is connected to the leaf, by raising the 
potential Ec of the other plate by means of a potentio- 
meter. (C is now the unavoidable capacity of the leaf, and 
its connections; B is the insulation resistance.) In this pro- 
cedure the switch is opened when Ec = 0 ; the light is then 
thrown on the cell by means of a shutter for a period t. 
During this period the electrometer is kept near zero by 



Fig. M). Compensation by EiiECTRosTATic Induction 


means of the potentiometer, in order to reduce insulation 
leaks to a minimum. After the shutter is closed again, it 
is adjusted accurately to zero. If E^ is the final reading, 
i “ EcCJt. The only calibration required is a measurement 
of the capacity Gq, which is permanently stable if the con- 
denser is properly made; the same condenser can be used 
in different experiments. If small currents are to be meas- 
ured, Cq should be small compared with (7, in order that the 
speed of the measurements should not be reduced, and a 
wide range obtained by using large values of Ec^ This is 
an admirable method ; the necessity of turning the light on for 
accurately- timed intervals is not an objection (^). 

Vacuum and Gas-filled Cells. In both of the last two 
methods of compensation, the ideal sensitivity limit of 
current is the maximum obtainable, AJE//i2 or, as it is more 
conveniently expressed for our present purpose, AjE?./', where 
r = ^jR is the conductance of the insulation. But it is 
most important to observe that F includes the conductance 
of the cell when it is passing the current i that is being 



CURRENT MEASUREMENT 


121 


measured. In fact, if F' is the pure insulation leak, F = 
F' yi. Incomplete saturation will not affect the accuracy 
of null methods, as it does that of direct-reading methods, 
but it will affect the sensitivity. Now y is much greater for 
gas-filled cells than for vacuum cells ; it appears at once that, 
if i is sufficiently great, F will be greater for the former 
than for the latter, and that a lower sensitivity limit and a 
greater sensitivity will be obtained with the vacuum cell. 
Moreover, we must remember that for the same illumination 
i is greater for the gas-filled cell ; but, on the other hand, since 
relative sensitivity for illumination is important rather than 
absolute sensitivity for current, a larger sensitivity limit 
will be tolerable. We must inquire more closely. 

Let us measure illumination L, in micro-amperes, by the 
saturated current it produces in a vacuum cell, and suppose 
that, with any given voltage applied to the gas-filled cell, i 
is proportional to L. Then we may write 

i = mL ...... (31) 


where in is 1 for the vacuum cell and equal to the gas factor 
in a gas-filled cell. The quantity which is to bo made as 
small as possible is AL/i, the relative sensitivity for illumina- 
tion. When the cell and the voltage at which it is to be used 
are fixed, we have 


^ _ Ai _ ^ET 
Li i 



(32) 


1'here is no reason why F' should vary with the type of cell. 
Let us now assume JT' — 10 ’^^ mho, and the following values 
for m and y, which are favourable to the gas-fillerl cell. 

Vacuum cell . . . m = 1 y = 0*001 

Gas-filled cell . , . m = 50 7 == 0*05 

Then it appears that the vacuum cell is more sensitive un- 
less L is less than 0*2 x 10 -® ^A, which is an illumination 
less than is likely to occur in any of the more usual applica- 
tions, except stellar photometry. In the photometry of 
lamps and the measurement of absorption in the visible 
spectrum, to which compensation methods have been often 
applied, L is more likely to be of the order of lO"*^ or even lO"^. 
Perhaps this is not quite the whole story. The speed of 

9— (sCig) 
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observation is greater if gas-Med cells and larger currents 
are used ; speed increases regularity, since irregular changes 
in the electrometer zero are less important, and thus in- 
creases the effective, as distinct from ideal, sensitivity. But 
this ideally greater speed will not be effective if L is greater 
than 10'® //A ; for a current of that magnitude charges a 
capacity of 50 to 0*1 volt in sec., which is less than 
the period required for an observation. On the other hand, 
vacuum cells have advantages of their own that have not 
been taken into account. They are much more regular in 
their action, their sensitivity is more independent of their 
previous history, and, since their current is nearly saturated, 
constancy of the battery potential is less important. 
These features tend to make the effective approach the ideal 
sensitivity. In short, vacuum cells should be regarded as 
normally most suitable for null methods using an electro- 
meter; there may be circumstances, such as imperfect in- 
sulation or very small illuminations, in which gas-filled cells 
have the advantage, but they should not be used unless 
there is definite positive evidence that these circumstances 
have arisen. 

One further remark should be made in order to avoid 
misunderstanding. Since the greater current sensitivity of 
gas-filled cells does not make them preferable to vacuum 
cells, it might be concluded rashly that variations of current 
sensitivity in cells of the same class are unimportant. But 
in our comparison we have supposed that the photoelectric 
emission is the same in the vacuum and gas-filled cell ; in- 
creased current sensitivity arising from increase in the 
emission is always desirable. 

Electrometers. We will now proceed to experimental 
details which, though far less important than they were, 
still cannot be ignored entirely in any practical work on 
photoelectricity. We will start with electrometers. 

The first class is that in which the leaf, which is charged 
by the current, is the body moved by the electrical forces. 
In the oldest sub-class, no subsidiary potentials are em- 
ployed; Phillips’ ticking electroscope is the sole remaining 
representative, and is still useful when very rough measure- 
ments are sufficient and simplicity is the primary con- 
sideration. 
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It is essentially a diverging leaf electroscope, in which the 
leaf, when it attains a certain divergence, touches the case, 
is discharged, and collapses. In order that the leaf may not 
stick when it touches, it is best made of a carbon filament 
attached to an insulated fixed plate by a gold-leaf hinge, 
while the part of the case that it touches is the end of a car- 
bon rod carried on a screw by means of which its distance 
from the plate can be varied (see Fig. 50). If the screw is 



Frci. 50. “TicKiNa Ei.ectkoscopi^ ” 


set so that the leaf touches it when its potential is E (about 
50 volts), the leaf will “tick” (i.e. diverge and collapse) n 
times per second, where n = if EC and C is the capacity ; in 
practice n should not be more than 2. The method, being 
a modification of the constant voltage method, is apphcable 
even to gas-filled cells, although much of their advantage 
is lost, because the voltage across the cell drops E volts 
during the observation. The instrument cannot be trusted 
for a relative precision better than 10 per cent. 

In the newer sub-class, subsidiary potentials are em- 
ployed. Of these, the Lindemann and Wulf electrometers 
are the best known examples. The Lindemann is generally 
preferred by those who buy an instrument; for details, 
reference may be made to the descriptive pamphlet of the 
Cambridge Instrument Co. But those who want to make 
their own instrument should approximate more nearly to 
the Wulf; accordingly our description of the type will be 
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based on it, though much of what follows is equally applic- 
able to the Lindemann. 

In the arrangement shown in Fig. 51, a very light con- 
ductor lies between two plates P maintained at equal and 
opposite potentials from earth or, more accurately, from the 
potential of L when the earthing switch is closed. The equi- 
librium of L is unstable in respect of the electrostatic forces 
from the plates, and, if these acted alone, L would fly to one 



Fig. 51 . Typicau Electrometer Circuit 


plate or the other ; stability is given by the weight of L, and 
sometimes by elastic forces due to a spring attached to its 
lower end. The two sets of forces are nearly balanced, leav- 
ing a slight margin of stabihty; the less this margin the 
greater the sensitivity. But the balance never extends 
equally over the whole space between the ends ; if there are 
no elastic forces, instability will enter when the deflection 
is too large. The deflection of L is not proportional to its 
potential above earth except over a small central range. 
It may be observed either through a microscope or prefer- 
ably by projection on a screen. Since many experimenters 
are not as familiar with projection as with galvanometer 
spots, it may be recorded that an image magnified at least 
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20 times and visible from a distance, without shading, in a 
well-lighted room can be obtained with a microscope objec- 
tive of 1 in. focus, if a 24-watt motor-car headlight with a 
condensing lens 3 in. in diameter is used as illuminant. 

In the professionally made instrument, L is a silvered 
quartz fibre, but the amateur will be wise to avoid quartz 
fibres, unless he has previous experience of them ; for though 
they are probably more sensitive than any other form of 
leaf, the formation of a permanent conducting layer and 
the mounting of the fibre are very difficult. Gold-leaf is an 
alternative, but is not pleasant to observe; a carbon fila- 
ment (still obtainable from lamp makers), hung by a gold- 
leaf hinge, is preferable, and not very difficult to make; 
Wollaston wire involves an appreciable sacrifice of sensi- 
tivity. A good substitute proposed recently is a straight, 
fine wire supported at its lower end, so long that the gravita- 
tional and elastic forces nearly neutralize each other, and the 
wire nearly, but not quite, bends over under its own weight ; 
a plane loop or hairpin is still better because it will deflect 
only in one plane. Tungsten is probably the most suitable 
metal for the wire, but others might serve. The defect of 
this device is that the instrument is very sensitive to changes 
of level. 

The case of the electroscope should be made as small as 
possible, and should be lagged thermally, for convection 
currents disturb the leaf. The distance between the plates 
should be roughly adjustable; the position of the support 
of the leaf L relative to the plates should be finely adjust- 
able. The potentials of the plates will be of the order of 
± 50 volts ; it is not essential that the potential of the plates 
should be precisely equal. A grid leak of 2 megohms should 
be placed between the leaf and the key (as shown) to 
protect the leaf if it touches a plate. In adjusting, the plates 
should first be placed far apart and the leaf moved until, 
when the potential is applied to them, the leaf does not 
move ; for this purpose the switch is useful. The sensi- 
tivity is then tested by applying about J volt to the leaf 
by switch If it is not sufficient, the plates should be 
brought nearer and the adjustment repeated. The greatest 
practicable sensitivity is reached when the potential of 
I volt throws the leaf beyond the range of stabihty, so that 
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it flies over to one plate. A large distance between the plates 
and a high potential gives rather greater sensitivity than a 
small distance and a small potential ; but there is a consider- 
able range in which distance and potential may be adjusted 
to each other to give the same sensitivity. 

A voltage sensitivity limit of 0-01 volt may be obtained 
easily with these instruments, the time of the (completely 
damped) swing of the leaf being less than 1 second. The 
capacity will be about 10 

The second class of electrometer, descended from the 
Thomson quadrant, is that in which the moving body is not 
the leaf (in our sense), but is maintained at a constant 
potential. The Compton electrometer is the modern repre- 
sentative; again reference is made to the descriptive pam- 
phlet of the Cambridge Instrument Co. A voltage sensi- 
tivity limit of less than 0*001 volt is easily attained, the 
period of swing being 9 seconds and the capacity about 
10 /^/^F. 

The long j)eriod makes the constant voltage method im- 
possible, and the constant time method very tedious and 
somewhat inaccurate ; for the effective capacity of the elec- 
trometer varies with the deflection and, if E is variable in 
(24), G cannot be assumed constant. The usual substitutes 
for these methods, when an electrometer with considerable 
inertia is used, are the rate of deflection and the ballistic 
methods. In the first the switch is opened, and the spot 
allowed time to take up a constant velocity along the scale ; 
this velocity is taken to be proportional to the rate at which 

dE 

the electrometer receives charge, i.e. In the second, the 

switch is opened for a constant time and the maximum 
deflection of the spot taken as proportional to the charge 
acquired ; in both cases the factor of proportionality is deter- 
mined empirically. It can be shown that if certain assump- 
tions about the behaviour of the electrometer are true, 
either of these methods is legitimate ; actually they are not 
true, and neither method is accurate, unless the assumption 
of proportionality is abandoned and a detailed calibration 
undertaken. 

On the other hand, the long period is no objection for 
the steady deflection method ; for here it is usually less than 
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the period required for the final value of the potential to 
be reached. Since here nothing but voltage sensitivity is 
required, the quadrant electrometer is clearly preferable to 
the leaf electrometer. Its value in null methods depends 
somewhat on the temperament of the operator. A naturally 
slow worker will not be made slower by the extra time that 
is necessary to decide in which direction the instrument is 
tending to deflect, and he will be able to make use of its 
higher ideal sensitivity; a quick and probably impatient 
observer will do better with the speedier though ultimately 
less sensitive instrument; for it must be remembered that 
irregularities are likely to enter if the time occupied in setting 
a balance is prolonged. 

For the most sensitive work, which hardly falls within our 
scope, mention may be made of the Hoffmann “duant” 
electrometer, in which there is only a single pair of ‘‘quad- 
rants” above which moves a light suspended “needle” 
forming a sector of a circle (®). It is designed so that the de- 
stabilizing electric forces very nearly balance the stabilizing 
forces. It is certainly the most sensitive instrument known 
for measuring charge (with the exception of the suspended 
drops of Millikan and Ehrenhaft) ; its peculiar properties 
make it misleading to assign to it a definite capacity and 
voltage sensitivity, but it has a sensitivity limit for charge 
of the order of lO'^® coulomb, which would be attained by 
electrometers of other types only if they combined a capacity 
of 10 iifjiE. with a voltage sensitivity limit of volts. 

The thermionic valve electrometer, which falls in this 
class, will be discussed in the next chapter. 

Insulation. Insulation is one of the main problems of 
electrometer technique. The supports of the insulated system 
connected to the leaf must not o^y have a very high resistance, 
but must also be free from electric hysteresis and the tendency 
to acquire surface charges. The materials generally used in 
instrument making and electrical engineering — ebonite, rub- 
ber, silk, and so on — are quite unsuitable for such supports, 
though, of course, they may be used where they serve 
merely to prevent short circuits of batteries. There are only 
four solids worthy of consideration, amber, sulphur, quartz, 
and certain waxes or cements; and of these the last two 
are included with hesitation. Amber is almost universally 
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employed in Germany ; if the right material can be obtained 
and the technique of working it mastered, it is the best of 
all. Sulphur is as good an insulator, but its mechanical 
properties are less suitable. It should be cast in place from 
a temperature just above its melting-point; since it con- 
tracts greatly on solidifying, the parts that it separates 
should be provided with keys, so that the sulphur cannot 
slip at its boundaries. Just after solidification sulphur is 
soft, and can be cut with a sharp tool; later it becomes 
hard and brittle; but its surface — and insulation leaks are 
due almost entirely to surface conduction — can be readily 
cleaned by scraping. Quartz is much stronger than amber 
or sulphur, and is sometimes convenient in the form of rod 
or tube; but not all specimens are trustworthy, and we 
should always prefer amber or sulphur ; it must be cleaned 
by heating to redness and kept clean thereafter. 

Of the waxes, we can recommend “Bank of England” red 
sealing-wax (but not other varieties) and the German black 
Picein; probably others are equally satisfactory, but we 
speak of what we know. They are useful for coating other 
materials, and, in particular, glass. The weakest link in the 
chain of insulation is (or ought to be) the wall of the photo- 
electric cell, where the lead emerges ; for here glass must be 
used. The borosilicate glasses, rich in silica (e.g. Pyrex), 
are much better insulators than soft soda glass; they are 
preferable for other reasons as a material for cells, but they 
are improved by a coating of one of these waxes. The waxes 
should never be heated in the flame, but rubbed on the glass 
when it is just hot enough to make them run easily. 

The smallest possible volume of insulation should be used 
and mechanical strain avoided, because it develops piezo- 
electric charges. The insulation is best tested by charging 
up the insulated system, and observing the fall of its poten- 
tial. The time required to fall to 1/e of the initial value is 
to of page 115 ; it should never be less than 15 minutes. 

Shields and Switches. The whole of the insulated system 
must be enclosed in an earthed metallic case of the smallest 
possible volume. Leads should be carried through tubes and 
supported by insulation at the ends only. It is sometimes 
recommended that the tubes and the lead should be of the 
same material, in order that voltaic E.M.F.’s may be avoided ; 
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but this is not necessary if the insulation is good. If the 
insulated system tends to charge up when it is not connected 
to the cell, either the insulation is bad or the shielding is 
insufficient, or some part is not efficiently connected to earth 
or other fixed potential. A “zero leak” arising outside the 
cell should never be tolerated. Earthed guard rings should be 
inserted whenever the insulated electrode is in solid connec- 
tion with any conductor not at earth potential. 

Since some observers still seem to regard “dark current ’’ 
as an inevitable evil in photoelectric work, it may be well 
to insist once more that there are only two causes of it that 
cannot be avoided by proper design of the apparatus. The 
first is the thermionic current (see page 51); this can be 
distinguished because it is saturated in vacuum cells and 
changes in magnitude when the field is reversed. The second 
is the corona current, which only occurs very near the glow 
potential of a gas-filled cell and increases very rapidly with 
the voltage. Other “dark currents” can always be elim- 
inated by the use of guard-rings and by proper shielding ; 
no cell should be used for sensitive and accurate work with- 
out an internal guard ring. Of course, guard rings will not 
prevent leakage to earth ; but they will prevent dark 
current. 

The leads to the cell, electrometer, condenser, and any 
other connected parts are best brought independently to a 
central box containing the earthing switch. The earthing 
contacts should be of gold or other unoxidizable material ; 
the make and break should not involve scraping, and should 
not place great strain on the insulation ; if these precautions 
are neglected a troublesome jump of the electrometer will 
occur when the switch is opened. If the shielding is adequate, 
it is not essential that the “earth” should really be earthed ; 
the “ earth ” can be any conductor to which all the “ earthed ” 
parts are solidly connected. 

Condensers. The condenser used for the compensation 
method of page 120 must have air (or vacuum) as its dielec- 
tric ; and so must any condensers that may be introduced (as 
is sometimes convenient) to diminish the rate of change of 
potential, if accuracy is required. All solid dielectrics show 
appreciable hysteresis, which is fatal. Fig. 52 shows a good 
construction for the compensating condenser, having a 
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capacity of about 6 fxixF . ; this capacity should be small com- 
pared with that of the rest of the system in order that the 
whole capacity should not be increased. An important 
element is the flange shielding the insulated electrode from 
the surface of that part of the insulation which is exposed 
to the applied field. 

Resistances. Satisfactory high resistances for the steady 
deflection method or the ohmic resistance compensation 
method used to present a difficult problem, but now are 
commercial articles. Up to 10 megohms or even more, grid 
leaks, in series if necessary, will serve ; beyond this special 
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Fig. 52. Condenser for Use in Compensation Method 
Not to scale— about half full me 

resistances are available (®). For those who wish to make 
their own, three methods are available — 

1. Streaks of carbon in some form on ebonite or other 
insulator, or lines of indian ink ruled on paper. The latest 
form is quartz rod smoked in a flame ; our limited experi- 
ence with it is wholly favourable. 

2. Metal films sputtered or evaporated on glass or quartz 
surfaces. 

3. Mixtures of alcohol and benzene or toluene, pos- 
sibly with the addition of other ingredients; 10 per cent 
alcohol and 90 per cent benzene gives about the required 
conductivity. 

All these conductors obey Ohm’s Law, but none is very 
constant in resistance. Of conductors not obeying Ohm’s 
Law, none but the Koch device (see page 182) needs men- 
tion ; with so many good] resistors available, it is foolish 
to-day to put up with a bad one. Nobody really seems to 
have succeeded in using resistances of more than 10^^ ohms ; 
10^2 ig probably sufficient for any but quite exceptional 
purposes. 
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CHAPTER VIII 

VALVE AMPLIFICATION 

Valves as Electrometers. Any thermionic triode can be re- 
garded as an electrometer of the second class (page 126). 
The grid is the ‘‘leaf,” the cathode the case, the electrons 
emitted from the cathode are the needle ; their motion under 
the potential difference Eg applied between leaf and case is 
observed, not mechanically, but by the change in the anode 
current ia ; this difference does not make most of the last 
chapter any less relevant. Let us start, then, by studying 
valve amplification from this point of view. 

The ideal sensitivity limit of a triode electrometer is AEg 
= AiJM, where M is the mutual conductance, diJdEg and 
Aifi is the least perceptible change of anode current. If a 
null method is used (see below) and the change of anode 
current read on a sensitive galvanometer, Aig may easily be 
as small as 10'^ A. ; M may be at least 10-^ (1 mA per volt) ; 
so that AEg may be as small as 10 ® volt ; a valve electro- 
meter is ideally much more sensitive to potential difference 
than any other. 

But for photoelectric work current sensitivity, not volt- 
age sensitivity, is required ; this is, as we have seen, limited 
by the insulation resistance R, In ordinary valves B is not 
much greater than 10® ohms, which is much less than that 
of ordinary electrometers. Accordingly, until a few years 
ago, valves were less sensitive than electrometers for measur- 
ing small currents. But a careful study of the source of 
grid leakage by Metcalf and Thompson (^) has entirely 
changed the position. The leakage is partly due to faulty 
solid insulation, which can be greatly reduced by suitable 
construction, involving a grid lead brought out far from the 
remaining leads. But it is also due to an internal grid cur- 
rent ig flowing across the “ vacuum. This current, which 
we shall consider more closely later, is mainly due to the 
presence of positive ions formed by ionization of the residual 
gas by the electrons ; it can be abolished almost completely 
by using an anode voltage so low (e.g. 6 volts) that the 
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electrons never gain the energy required for ionization 
(page 53). 

Special electrometer valves are now made in which these 
principles are applied. The first of them was the American 
PP-54, hut similar valves are now made by all the chief 
makers. The doubts expressed in previous editions of this 
work concerning the utility of valves for the amplification 
of very small currents are now removed. The very low anode 
voltage reduces M to about 0*08 mA./V ; on the other hand, 
R can be as great as 10'^® ohms and the ideal current sensi- 
tivity limit can be as low as 10'^^ A. The grid capacity is 
less than 2 

External irregularities. Nevertheless, a distinction has 
still to be made between ideal and effective sensitivity. The 
anode current corresponding to Ey -- 0 is never perfectly 
steady ; at high sensitivities the galvanometer in the anode 
circuit has a steady drift on which are superimposed irregular 
variations. Some of these are of extraneous origin, and are 
due to the valve being a very sensitive ‘‘detector’’ of high- 
frequency disturbances. They can be removed by enclosing 
the apparatus completely in a conducting shield, preferably 
earthed; but the enclosure must be complete, and, in the 
last resort, must contain the whole apparatus, including the 
batteries, and the source of light. Some experimenters, find- 
ing practically no benefit from partial enclosure or from 
placing large condensers across all leads, have rashly con- 
cluded that the irregularities that troubled them were not 
of external origin. But in the matter of shielding, it is the 
last step that counts ; the final sealing of some crack that 
looks too small to be noticed, or the substitution of a soldered 
for a less perfect connection, will often make the whole 
difference between success and failure. 

In addition to those disturbances removable by shielding, 
there are others removable by enclosing the valve, together 
with the cell, in a vacuum. Their origin is not quite certain ; 
it may be irregular surface leakage or, more probably, ions 
arriving from the atmosphere ; but it is certainly necessary 
to remove them by this means, if precision is required. 

Another source of irregularity lies in the batteries supply- 
ing the cathode filament, the grid bias, and the anode cur- 
rent. If sound batteries are used, the irregularity consists 
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mainly in a steady drift, which is not always objectionable ; 
but any trouble from this source can be eliminated by suit- 
able methods of compensating the anode current for Eg — 0, 
which is necessary in any case if a sensitive galvanometer is 
to be used. The principle of symmetry suggests that com- 
pensation should be by another similar valve, and many 
bridge circuits employing this method have been described. 
But experience with them shows that it is very difficult to 
obtain two valves really similar, even by selection from a 
large number. Accordingly, modern practice tends away 
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from this procedure and towards compensation by an ohmic 
resistance in a manner essentially similar to that of Fig. 45. 
A circuit proposed for this purpose by Seller is shown 
in Fig. 53; further developments are described in the 
references. 

A single battery, whose effective E.M.F. Ej, is variable by 
jK, supplies both the anode voltage E^ and the filament 
current If \ If flowing through 7^4 provides the negative 
grid bias, and flowing through provides positive bias for 
a space-charge grid. (Not all electrometer triodes have 
space-charge grids.) If the valve behaved as an ohmic re- 
sistance and if the battery e in the galvanometer circuit were 
omitted, the arrangement would be the Wheatstone bridge 
shown in Fig. 53a, and the balance would be independent 
of E^, But the valve is not an ohmic resistance and the 
balance varies with E^ \ Seller therefore ingeniously intro- 
duces e in the galvanometer circuit, which also makes the 
balance vary with E^, and arranges matters so that the two 
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variations are equal and opposite. The conditions to be ful- 
filled are 

■®a - 6 — If{Rf + -/?2 4- -^ 3 ) • • • (^3) 

Rq . I f — 6 — J aRl ..... (34) 

together with the equations resulting from differentiating 
(33) and (34) by JS 5 . If the valve is to be run at prescribed 
/a, If, Ea, and grid biases, only three quantities remain for 
adjustment, Rq, R^, Rq, since c is fixed by being the E.M.F. 
of some cell. Accordingly, it is not possible in principle 
always to secure adjustment. But actually sufficient adjust- 
ment can be secured, especially if the characteristics of the 
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valve are suitable, for it is not necessary to run the valve at 
exactly the prescribed values. The best procedure is to 
assume the prescribed values and from them determine 
Rq, JB 4 , and then Rq according to (33). Then choose R^ so 
as to be about equal to the galvanometer resistance, and set 
Ej, so that la is right. Now balance by means of Rq and try 
whether the balance is independent of a small change of R. 
If it is not, Ri, Ej,, or both should be altered; after a few 
trials the direction of the change of balance due to a small 
change in R will indicate the direction in which an alteration 
should be made. The whole process is not nearly as difficult 
as it sounds ; if there is any real trouble it probably lies in 
an unsuitable valve. 

Another very simple method, suitable in some circum- 
stances, is shown in Fig. 54. Here the galvanometer is used 
ballistically. With the cell dark, the galvanometer will re- 
main at zero, even though there be “dark current’’ in the 
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cell and even though the anode current is changing, so long 
as the change is so slow that it is inappreciable during 
the period of swing of the galvanometer. If light is now 
thrown on the cell and maintained for a time at least equal 
to ^ 0 , the change in the anode current dia will send a quantity 
of electricity . dia through the galvanometer. In prin- 
ciple this may be made as large as desired by increasing C\. 
Some limitations, however, must be noticed. Neither vCq 
nor BiGi must be large compared with tQ, B^Ci usually pre- 
sents no difficulty ; for the value of that gives a sensitivity 
as great as that limited by other irregularities (say, 10 /^P.) 
is consistent with this condition. But it may be difficult to 
make tOq small enough ; for Cq is the irreducible capacity of 
cell and valve (say, 5 /ijuF,), and reduction of r decreases 
sensitivity. It may, however, prove possible to overcome 
this difficulty by breaking the galvanometer circuit at A, 
while the photoelectric current i charges C\ up to the final 
potential t/r, and then discharging Gi through the gal- 
vanometer. This method is not yet fully established, but is 
promising. 

Internal Irregularities. Other irregularities are due to in- 
stability of the thermionic emission of the cathode which 
(like photoelectric emission) is very sensitive to anything 
that may alter its surface. They are most noticeable when 
the valve is first brought into action or its circumstances 
otherwise changed. It should be a strict rule to make switch- 
ing on the filament the last operation in starting up, and 
switching it off the first in shutting down ; preferably the 
apparatus should be run continuously without either opera- 
tion. But even when these precautions are observed, rapid 
changes in either direction persist. They could probably be 
reduced by using ‘‘bright emitter” cathodes of pure tung- 
sten, but this is undesirable on other grounds. 

Moreover, if they were eliminated, sources of irregularity 
would remain which are unavoidable even in principle. 
One of them lies in what used to be called Schweidlers 
fluctuations, and is now usually called the shot effect. Elec- 
trons emerge from a thermionic cathode as bullets from a 
squad firing individually, and not as bullets from a machine 
gun. If, on the average, over a long period, N emerge per 
second, the number emerging in any finite period t will be 
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not Ntj but Nt + n, where 7h is completely irregular apart 
from two conditions affecting its average taken over a large 
number of periods t. They are 


{l)E = 0 ) 

(2) 


(35) 


The same will be true if N is not the number of electrons 
emerging from the cathode, but that arriving at the grid. 
If the grid circuit is a capacity C shunted by a resistance By 
the period t over which the valve averages the, current is 
effectively Accordingly, the change on the grid will 

fluctuate about its mean value over a range which corre- 
sponds to an excess or defect of ■\/{}^NRC) electrons. If ig 
— Ne is the current carried by the electrons, a simple calcu- 
lation will show that this fluctuation of the charge on the 
grid is equivalent to a fluctuation di in any current that the 
valve is used to measure, where 


6% = ^{eigj2RC) (36) 


Now in the most perfect valve ig is probably of the order of 
lO'i^A; the grid takes up a steady potential only because 
this current arriving at the grid is neutralized by other cur- 
rents leaving it ; these other currents have their own fluctua- 
tions ; if these are taken into account the 2 in (36) ought to 
be omitted. Accordingly we conclude that, since RC will 
never be much greater than 100 sec., the grid current of 
10" ^®A. must involve a fluctuation in any current measured 
of about 1*3 X 10"^®A, ; and that the sensitivity limit can- 
not be much less than this (which corresponds to about 
8 electrons per second). 


* Kearns of complicated mathematics have been devoted to calculating 
the effective value of t of various circuits. But all the results so far obtained 
could have been reached in a few lines from a simple and ancient proposi- 
tion. It is this. Suppose that the arrival of a single electron (or other 
elementary event) causes the indicating instrument to vary from its mean 
position by an amount (?, and ultimately to return it ; let the value of d 
at all times after the arrival of tliis isolated electron be 0 ==/(0* Then 
the R.M.S. fluctuation of the instrument, when N electrons are arriving 
per second, is given by 

= jv npityit 

j 0 


So the integral meaisures the effective ty apart from a factor determined 
by the mean sensitivity of the instrument. 

10 -(5619) 
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There are other equally fundamental sources of inevitable 
fluctuations, subject to the same general theory, such as 
those that arise from thermal motions of the electrons. But 
the fluctuations due to them are somewhat less. The calcula- 
tion that has just been given leads to a sensitivity limit 
which accords well with that actually found in practice ; it 
may be concluded, therefore, that this limit really represents 
the smallest that can ever be attained with existing valves. 
Nor can much be hoped from improvement in valves, for 
even if grid current could be abolished, thermal fluctuations, 
not much less, would remain. Moreover, there are the 
fluctuations in the photoelectric current i itself, which is 
subject to precisely the same laws ; i can never be measured 
with a relative sensitivity limit less than that given by 

Mji -= \/{el2iRC) (37) 

The conclusion is therefore this we have attained. The 
effective sensitivity limit of the valve electrometer can be 
made as low as lO’^'^A., by precautions that are perfectly 
practicable. For currents much smaller than the 

valve electrometer is not suitable ; claims to have measured 
currents of with an error of a few j^er cent need sub- 

stantiation. It is doubtful whether any more sensitive in- 
strument of any other kind has actually been developed that 
is available in any but exceptional circumstances. Finally, 
it may be observed that no increase of sensitivity would 
result from using several stages of amplification, for the 
sensitivity of the anode galvanometer is never a limiting 
factor. However, multi-stage amplifiers are sometimes used, 
when an insensitive indicating instrument is desired. They 
must be direct coupled and have independent batteries, or 
their equivalent, whose variations are amplified together 
with the current to be measured. Those who are not con- 
fident in their experimental skill should be cautious in 
attempting them (^). 

An ingenious arrangement, called the Mekapion, may be 
mentioned here, for it is the analogue of the Phillips’ ticking 
electroscope. It was primarily designed for measuring cur- 
rents in an X-ray chamber ; but it has been used with U.V. 
photoelectric cells, and might be used with any cells, if con- 
venience is the prime consideration (®). 
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Valves as Relays. A relay is a device by which a small 
amount of power controls a very much larger amount of 
power. Relays are generally used for mere detection, as 
distinct from comparison or measurement, so that it is only 
necessary that any power on the input side exceeding some 
limit should liberate power on the output side exceeding some 
much higher limit. In what follows it will be assumed, 
unless the contrary is stated, that no more is demanded, 
though often some chosen relation between input and out- 
put is actually achieved. It was, of course, the use of valves 
as relays that brought fulfilment to the dreams of many 
early inventors, and enabled automatic control by photo- 
electric cells to replace visual control in many industrial 
operations. 

The use of a valve as a relay does not differ in principle 
from its use as an electrometer. But since the anode circuit 
is required to provide some considerable power, relatively 
high anode voltage must be used, and there will be appre- 
ciable internal grid conductivity due to positive ionization ; 
since ordinary valves are convenient, there will bo consider- 
able insulation leak. On the other hand, the conditions are 
far less exacting, for comparatively large photoelectric cur- 
rents i are usually available, and no accuracy is demanded. 
If i exceeds 1 //A., it will be large compared with ig, the grid 
current, and will provide all the grid potential that is needed 
if it is passed through a resistance i? of 10^ ohms, which 
should be smaller than that of the insulation leak. In these 
circumstances, the appropriate circuit is very obvious (Fig. 
55). The same high-tension supply is conveniently used for 
the anodes of both cell and valve ; the grid bias is adjusted 
so that the anode current is too small to operate the appar- 
atus G (which is usually an electromagnetic relay) when the 
cell is dark, and rises sufficiently to operate it when the light 
falls on the cell. The cell is shown as an emission cell, but 
it can also be a conductivity cell. (A rectifier cell is not 
suitable on account of its low internal resistance.) If it is 
the latter, the greatest sensitivity is obtained if R is equal 
to the cell resistance; but since a large grid bias is then 
required, and since the greatest sensitivity is seldom neces- 
sary, a much smaller R is generally used. It is to be ob- 
served that, in this arrangement, the incidence of light 
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increases the anode current ; a circuit in which it decreases 
the anode current will be given later (Fig. 57). 

But, though this circuit is applicable to the great majority 
of problems, we shall do well to study the effect of grid con- 
ductivity when the photoelectric current is no longer large 
enough to swamp it. We may take the current amplification 
A = dijdi at constant Ea to be the quantity that should 
be a maximum. For though it does not strictly measure the 
power amplification, owing to the drop of voltage in the 



impedance G, the difference between power and current 
amplification is not serious for our purpose. Now 


But 


A 



E,^E,, + i/(r + r,) 


(38) 


where Eg^ is the grid bias, F the conductivity of the grid 
leak, R Fg the internal grid conductivity of the valve. Hence 

A=^MI{F+Fg) (39) 

Fig. 56 shows part of the characteristics of a typical power 
valve suitable for use as a relay ; ig (on two scales), and 
Fg are plotted against Eg, is constant and therefore A 
a maximum where (F + Fg) is a minimum. If F were zero 
and there were no grid leak, the grid bias could not be 
applied and, when the cell was dark, Eg would necessarily 
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assume the value corresponding to ig = 0. But this is not 
the value for minimum Fg. Accordingly to make {F + Fg) 
a minimum it is better to make F of the same order as the 



insulation leak of the valve and apply a negative grid bias 
so as to make Fg zero. 

This conclusion, to which any one familiar with valves 
would be led by common sense, is valid only so long as the 
photoelectric current and the change of grid voltage are so 
small that Fg may be regarded as constant. It is then im- 
material in which direction i flows in R and whether the 
photoelectric current imposes a positive or a negative 
potential on the grid. In practice, this condition is not 




142 


PHOTOELECTRIC CELLS 


likely to be fulfilled, because the resulting change of anode 
current would be insufficient to operate the detecting 
apparatus in the anode circuit. The more probable condi- 
tion is that i will be greater than the maximum negative ig 
(i.e. the backlash”), which is about 0-04 at Eg -3 
volts. There is now an advantage in making F as small as 
possible, and in connecting the anode of the cell to the grid, 
leather than the cathode, so that the photoelectric current 
injects electrons into the grid and makes it negative. For 
when i = 0, the grid potential Eg will be that corresponding 
to ig = 0, i.e. + 0-2 volt. If i is 0-05 //A. and takes electrons 
from the grid, charging it positively, electrons will flow in 
from the cathode; Eg will rise to about 0*3 volt and ig 
change by only about 1 mA. But if i is 0*05 juA, again and 
charges the grid negatively, the electrons injected cannot 
escape and the positive ions are too few to neutralize them. 
The grid potential will be carried past Eg = - 3 and will fall 
until the voltage across the cell is insufficient to maintain i ; 
if the voltage applied to the cell is sufficient. Eg will fall so 
far that the anode current will fall from 44 niA. to zero. 
When light ceases to act, and i falls to zero, the anode cur- 
rent would remain zero, if the insulation were perfect ; but 
with an actual valve the charge on the grid leaks away and 
after a few seconds the original condition is restored. 

Here we have an extraordinarily powerful method of de- 
tection. It is also extremely simple when the circuit can be 
fed from mains giving a potential Eq of 200 volts or more, 
and there is no objection to wasting the power required to 
heat the filament of the valve directly from the mains (Fig. 
57). The resistances and r_ are chosen so that EJ(r+ + ) 

is equal to the filament current if (the resistance of the fila- 
ment can usually be neglected), and so that is equal to the 

appropriate anode voltage; will then be the voltage 
applied to the cell, and will be great enough, when applied 
to the grid, to reduce ig to zero. When no light falls on the 
cell, ia will assume the value corresponding to = 0 ; with 
a “power valve” this will be more than 10 mA. ; ig will be 
about 10“^ //A., and any illumination giving an i greater 
than this will reduce ig to zero. The effective current 
amplification will thus be of the order of one million. The 
same circuit can, of course, be used with independent 
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supplies to the valve filament, valve anode, and cell 
cathode. 

The same circuit may be used even if the supply from 
the mains is alternating current, not direct current. For 
when the direction of the supply voltage is opposite to that 
shown in Fig. 57, the valve will pass no current since the 
anode is negative. The cell may pass a small positive charge 
to the grid, because the anode has usually some photoelectric 
emission; but if this emission is very much smaller than 
that of the cathode (as it usually is), the positive charge 



Fig. 57 . Amplifying Circuit for Use off 
Supply Mains 


received by the grid in this phase will not be enough to 
neutralize the negative charge received during the opposite 
phase ; when the anode of the valve becomes positive once 
more, the grid will still be negative. On the other hand, 
during the change of the valve anode from positive to nega- 
tive, a positive charge will be induced on the grid ; but the 
resulting rise of potential may be abolished by eonnecting a 
condenser of about 0-0005 fiF. between the grid and earth. 
With this addition, the circuit will operate as before and 
pass current only when the cell is dark; but this current 
will be smaller, because the anode is positive for only half 
of the period, and the response will be rather slower, because 
a larger capacity has to be charged or discharged when the 
change between light and darkness occurs. It is not strictly 
necessary now that the cell cathode and valve anode should 
be connected to points on the resistance on opposite sides 
of the valve filament ; but, of course, the potential across the 
cell must never be allowed to rise to the glow potential, if a 
gas-filled cell is used. 
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The circuit of Pig. 57 can, of course, still be used when 
the photoelectric currents are large compared with the grid 
current. A grid leak of the order of 10*^ ohms may then be 
connected between the grid and a point on the cathode circuit 
providing the necessary bias ; the delay in the return of the 
system when the light ceases to act is thereby greatly re- 
duced and the operation generally rendered more regular. 

In fact, the circuit now becomes 
similar to that of Fig. 55, except 
that light now stops the anode 
current and darkness starts it. 
Pig. 58 shows the circuit as 
adapted to conductivity cells, 
for which it is very suitable. 
/8i, S 2 are two similar cells; 
the effects of temperature are 
thereby reduced, since both 81 
and 82 change in the same sense; the current may be 
started by light falling on 82 and stopped by light falling 
on 81 , the grid bias being suitably adjusted in each case by 
the ratio r. /r+. 

Thyratrons as Belays. The ‘‘hard’’ valves that we have 
been considering, though still more widely used than any 
others as relays, are not now always the most suitable for 
that purpose. On every ground but expense, gas-filled tri- 
odes or thyratrons are often preferable. (They are also called 
gas-filled relays and grid-glow tubes.) These, like ordinary 
valves, have a cathode, an anode, and a control grid ; but 
the space surrounding them, instead of being highly evacu- 
ated, is filled with mercury vapour generated from a small 
quantity of the metal in the envelope. The presence of this 
vapour alters the characteristic profoundly. So long as the 
grid potential lies below (i.e. is more negative than) a certain 
critical potential Eg^, the current in the anode circuit 
amounts at most to a few micro-amperes. But when it rises 
above Eg^, a glow discharge starts ; the anode-cathode poten- 
tial drops to a fixed value of about 12 volts, so that the anode 
current is determined almost wholly by the external circuit ; 
and the grid loses control, so that if its potential is reduced 
again below Eg^, the current in the anode circuit continues 
unchanged. Eg^ becomes more negative as the E.M.P. 
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ill the anode circuit, increases. The grid current at potentials 
below EgQ is not much greater than that in ordinary valves 
at negative grid potentials ; but it depends on the tempera- 
ture and vapour pressure of the mercury and is therefore 
variable. Accordingly gas-filled triodes are entirely unsuited 
to the measurement of small photoelectric currents ; but so 
long as these currents are not much less than 1 fik. and ex- 
ceed the maximum grid current for potentials below 
their operation as relays is almost independent of this vari- 
ability. When the discharge starts, the grid current is large, 
but its value is then immaterial, since the discharge is inde- 
pendent of the grid potential. A limit to the anode current 
that can be carried by the discharge is set by the risk of 
damaging the cathode ; in the smallest and most popular 
type (e.g. Osram G.T.l) the limit is about 0-6A., and is thus 
much greater than the anode current in the valves we have 
been considering. This is, of course, the great advantage of 
gas-filled triodes; they can be used to operate directly a 
heavy current contactor or other apparatus requiring con- 
siderable amounts of power (even as much as 1 kW.), which 
would demand the use of an intermediate relay if vacuum 
valves were used. 

The simplest circuits employing gas-filled triodes are again 
those of Figs. 65 and 57, a grid leak being used in the latter ; 
the photoelectric current is passed through the grid leak 
and carries the grid potential from below Eg^ to above Eg^ 
when it starts (Fig. 55) or when it stops (Fig. 57). In neither 
case does the anode current stop when the original light 
is restored. If the relay is to be self-restoring on a D.C. 
supply, an automatic switch must be provided in the anode 
circuit, which breaks it momentarity after its work is done 
and then makes it again; if the grid potential has mean- 
while fallen below Eg^, the anode current will not start again. 

But gas-filled triodes are best adapted to an A.C. supply. 
Then the anode current is automatically extinguished each 
time the anode potential becomes negative, or rather each 
time it falls below ^Jao> f^e limit of about 12 volts that 
obtains while the discharge is passing. The anode current 
will then flow for about half of every cycle, so long as the 
grid potential is kept above Eg^ and will cease within half a 
cycle of its falling below Eg^, Further, it is possible to vary 
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the mean anode current by varying the fraction of this half- 
cycle for which the discharge lasts. For this purpose we 
use the change of Eg^ with If the grid potential is kept 
above the value of Eg^ for Ea^, then the discharge will start 
as soon as E^ attains this value ; if it is kept below Eg^ for 
the maximum Ea, the discharge will never start afe all ; if it 
is kept just above EgQ for maximum Ea, the discharge will 
not start till Ea attains its maximum and will then continue 
till Ea falls to Eao- Remembering that the actual anode 
current, ia, is determined by the external circuit and not by 
the triode, as long as the discharge passes at all, we see 
that, by variation of the grid potential by means of the 
photoelectric currents, we can give the mean anode current 
the value 0 or any value between about \ia and about \ia ; 
we cannot obtain values between 0 and \ia, because no steady 
grid potential can cause the discharge to start after Ea has 
passed its maximum and begun to fall. 

But if we supply an alternating grid potential of the 
same frequency as the anode potential, but variable in phase 
with respect to it, we can give the mean anode current any 
value between 0 and \ia- For we can apply a steady grid 
bias equal to Eg^ for If grid and anode potentials are 
in exactly the same phase, Eg will then rise above Eg^ at 
the moment when Ea becomes positive, and the discharge 
will flow for the full half-cycle of positive If they are 
in exactly opposite phase, and the amplitude of Eg is greater 
than the difference between Eg^ for Ea^ and for maximum 
Ea, Eg will be below Eg^ for the entire half-cycle in which 
E a is positive ; the discharge will never start. If Eg lags 
slightly behind Ea, Eg will rise above Eg^ slightly after the 
start of the positive half-cycle of Ea ’, if it lags nearly 180"^ 
behind. Eg will rise above Eg^ only just before the end of 
that half-cycle. The exact relations are somewhat com- 
plicated because Eg^^ is not zero and because Eg^ varies with 
Eg, but enough has probably been said to show that by this 
means the mean anode current can be varied continuously 
between 0 and \ia by variation of the phase difference 
between Eg and Eg, 

The circuit most generally used for introducing an adjust- 
able phase-difference between Eg and Eg is shown in Fig. 
59(4). The resistance i? is trying to keep andF^in phase ; 



VALVE AMPLIFICATION 


147 


the capacity C is trying to keep them in opposite phases, 
since it is fed from the other end of the transformer. R will 
win if it is very small; (7 if it is very great. Accorduig to 
the simple theory that omits all complications, Eg will lag 
behind Ea by an angle a given by 

tan a/2 = 27inCE 

The lag will be the greater, and the mean anode current 
the smaller, the greater is R. If i? is a conductivity cell. 




Fig. 69. Thyratbon Circuits 

the incidence of light on it, which decreases the resistance, 
will increase the anode current ; the triode will act roughly as 
an amplifier. B can also be an emission cell as shown in Fig. 
59 {B ) ; for though it is then difficult to say to what ohmic 
resistance it will be equivalent, it will always be equivalent 
to some resistance which decreases against the light, so long 
as C and n are unaltered. It would lead us too far to con- 
sider in detail the theory of this use of photoelectric cells, 
which is complicated and never complete. It will suffice to 
say that with normal emission cells and a supply at 50 p.p.s., 
the appropriate value of C is of the order of 500 /«/^F. The 
optimum value must always be determined by trial ; but it 
is not critical. Lastly, it should be observed that if the 
positions of C and R (or the equivalent emission ceil) are 
interchanged in Fig. 59, Eg will lead Ea^ if the cell passes 
any current ; accordingly there will be no intermediate stage 
between the full current when the cell is dark, and no 
current, when it is highly illuminated. 

When gas-filled triodes are thus used to vary a large cur- 
rent continuously in accordance with light, they cease to be 
mere instruments of detection and become in principle 
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instruments of measurement. It is well therefore to insist 
once more that they are essentially inaccurate and are not 
suitable for measurement in any of the narrower senses of 
the word. Thus they have been used very conveniently to 
make a motor run faster or slower as a lamp is brought 
towards or away from a cell; but their use for such pur- 
poses does not imply that they could be used, even with the 
most careful adjustment, to measure the luminous flux from 
the lamp with a precision suflicient for even the least exact- 
ing demands. 

Combinations of Cells and Valves. From time to time pro- 
posals are made to combine a photoelectric cell and a 
thermionic valve in the same envelope, usually by making 
the photoelectric cathode the control grid of the valve. 
The object is to avoid the insulation leak and the addi- 
tional capacity attendant on connecting the cathode to the 
grid outside the cell. But the advantages gained thereby 
have not proved in practice sufficient to counterbalance the 
disadvantages; the combination of cell and valve is liliely 
to be inefficient both as a valve and as a cell. A similar 
proposal that may be mentioned here, although it belongs 
more properly to the next section, is to construct a gas- 
fllled coll itsefif as a triode. A grid is introduced between the 
cathode and anode ; alternating voltage apphed to this grid 
causes a periodic emission of electrons from the cathode, 
which is amplified by gaseous ionization between grid and 
anode. An alternating output is thereby obtained, which is 
further amplified by thermionic valves more easily than the 
usual D.C. output. But this proposal again has not so far 
been found to present any practical advantages outweigh- 
ing the drawbacks C^). 

Valves as Amplifiers. Amplification in the general sense 
is involved in the use of valves either as electrometers or as 
relays ; but we use the term here to denote the production 
of a larger current which follows as faithfully as possible 
the variations of a smaller current. Such amplification is 
not necessarily involved in the uses we have considered so 
far, though it may actually be attained when the photoelectric 
current is small ; it is difficult to attain so long as the cur- 
rents to be amplified are direct, or rather (since the distinc- 
tion between D.C. and A.C. is one of degree rather than of 
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kind) so long as the changes in the currents are so slow that 
the valve may change appreciably during their occurrence. 
But if the changes are of audio-frequency, the highly devel- 
oped technique for which valves are primarily designed can 
be applied ; several stages of amplification coupled by con- 
densers or transformers can be used, transmitting only those 
variations that are to be amplified, and large amplifications 
can be obtained without the distortion almost inevitable if 
it is attempted in a single stage. 



Fia. 60. Amplification of Rapidly Varying Photoelectric 
Currents 


The principles involved are too well known to need state- 
ment here. We shall consider only matters that are peculiar 
to the amplification of photoelectric currents ; these concern 
only the input to the first stage, and arise because the circuit 
is usually of much higher impedance than the input circuit 
in (e.g.) radio reception. The first two stages of a typical 
resistance-capacity-coupled amplifier for photoelectric work 
are shown in Fig. 60. 

Our attention is required only for the parts marked Cq, 
^ 2 * 

At the start let us suppose that Cq is infinite and C 2 zero. 
Cl is the capacity to earth of the electrode of the cell and its 
connection to the valve. (This electrode is shown as the 
cathode ; it may equally be the anode ; indeed it is usually 
preferably the anode, because the anode, being smaller, has 
a smaller capacity to earth.) If the current were constant 
or if Cl were zero, all the photoelectric current would pass 
through Bi and the amplitude Eq of the voltage across 
would be i^Ri, where Iq is the amplitude of the current. But 
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if the current is alternating and C\ finite, some of the current 
passes through it ; which determines the output is given 

by 

= + • • ■ (^ 1 ) 

The second term imder the root involves n and therefore 
implies distorted amplification, unless the input is a pure 
sine-wave ; distortion becomes serious when this term be- 
comes comparable with the first. Moreover, even if distor- 
tion does not matter, little is gained by increasing JSi beyond 
this point, for after it increases very slowly with 
Thus if i?! is made so great that the second term amounts to 
(>•4, the second harmonic is reduced relatively to the first 
in the ratio 1 to 1*9, a very serious distortion ; but a further 
increase of can at most increase in the ratio of 1*6 to 1. 
This value of R may therefore be taken as the maximum 
permissible and useful ; if small distortions are important, 
still smaller values must be used. The following table gives 
this value of R in megohms for various values of n and C — 

Values of }{ fok Constant Distortion 




n (p.p.s.) 








10 

100 

1,000 

10,000 

100,000 

j 

100 . 

100 

10 

1 

01 

0*01 

1,000. 

10 

1 

01 

0-01 

0*001 

10,000. 

1 

01 

001 

0*001 

0*0001 

100,000. 

0.1 

001 

0001 

0*0001 

0*00001 


The entries in the table also give the relative values of the 
maximum output for a given distortion obtainable from a 
given photoelectric current for prescribed values of n and 
&, i.e. the relative sensitivities of the amplifier. It appears 
at once how extremely important it is to reduce C\ to the 
lowest possible limit when high frequencies are to be ampli- 
fied. If an emission cell is used, need not be much more 
than 10 ixfiF . ; in a rectifier cell it is usually more than 
100,000 fifjiY , ; hence even if the rectifier cell gives 100 times 
as much current, it will be 100 times less sensitive at any 
frequency for the same distortion. 
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It remains to consider iig. iw the capacity of the 

grid of the valve to all the other electrodes and is usually 
about 5 //yaF. ; it is not merely the grid-anode capacity, and 
is greater, not less, than normal in a screen-grid valve. In 
order that there may be no distortion, Cg and must be 
related as and R ^ ; in addition, JBg must be so small that 
variations of the valve grid current do not cause variations 
in the voltage across it comparable with the voltage to be 
amplified. On the other hand, in order to avoid both dis- 
tortion and loss of sensitivity, Cq and R^ must be so large 
that CqR^ is large compared with Ijn) but must not be 
larger than necessary; since it is impossible in practice to 
increase the coupling capacity Cq without at the same time 
increasing the capacities which it couples. The choice 

is therefore very complex and, except at very low frequencies, 
it is difficult to fulfil all the conditions perfectly at the same 
time ; thus it is usually impossible to produce a first stage 
in a photoelectric amplifier which gives the same amplifica- 
tion within 25 per cent over the whole audio-frequency range 
of 50 to 10,000 except at some considerable sacrifice of 
sensitivity. Ilut as a reasonable compromise the following 
values may be suggested, the cell being a gas-filled cell of 
modern form and the first valve a low-i)ower high-frequency 
triode 

iii — i megohm, R^ — 2 megohms, Cq — 0*01 /^F., 
(7i and C^ the unavoidable capacities of cell and valve. 

When true amplification is required, it is usual, therefore, 
to adopt one of two courses. The first is to admit distortion 
in the first stage and to correct it by opposite distortion 
introduced in later stages. Of course, perfect correction can 
never be attained, but very large distortions can be cor- 
rected approximately. It is even possible thus to obtain 
good reproduction of music from talking films by means of 
conductivity cells, which themselves give enormous distor- 
tion owing to their frequency -response curves. This plan of 
producing distortion and then correcting it offends the 
purists, but it undoubtedly works — at least to the degree 
of accuracy demanded by the ear, which is not a very 
exacting instrument. The methods by which the compensa- 
ting distortions are produced lie beyond our province ; they 
involve, of course, the introduction of subsidiary reactance 
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at sonic points and are familiar to all accustomed to work 
of this kind. The second plan is deliberately to sacrifice 
sensitivity in the first stage, to make it a mere coupling 
stage between a high impedance input and a normally low 
impedance output, and to make up the lost sensitivity by 
the addition of more stages. This plan used to be common 
in talking-film sound-heads, when less efficient cells were 
available ; it is less often employed to-day, for multiplica- 
tion of stages in itself involves some distortion. 

A lower limit to the photoelectric input that can be ampli- 
fied up to any desired energy is set by the irregularities of 
the first valve, discussed earlier in this chapter ; unless the 
input exceeds considerably the ‘‘noise level” determined by 
these irregularities, nothing approaching true amplification 
can be achieved. It is likely that valves with specially low 
noise level will soon be introduced, and will improve the 
A.C. amplification of small currents as much as “electro- 
meter ” valves have improved D.C. amplification. But with 
existing valves it is not possible to amplify truly an input 
voltage of less than 0*1 volt or to detect an A.C. input of 
much less than 0*001 volt. The conditions are the more 
favourable the higher the frequency* of the input, for the 
noise consists chiefly of low-frequency components (n < 1,000 
p.p.s.), which can be separated from higher-frequency com- 
ponents by rough “high pass” filters, of which a small 
capacity in the condenser coupling is the simplest example (®). 

Rectffler Cells in Amplification. The foregoing discussion 
has implicitly assumed the use of emission cells. Conductivity 
cells need no special treatment, for they make conditions 
approximate more nearly to those of an ordinary radio- 
receiving set. Rectifier cells suffer, as usual, from inability 
to provide the voltage necessary for grid control. But when 
the current is A.C., it is natural to inquire whether this 
defect cannot be overcome by passing the cell current 
through the primary of a step-up transformer and connecting 
the grid circuit to the secondary. That is certainly pos- 
sible; but, if we remember that the whole of the energy 
must come from the cell itself, we shall see that the plan has 
its limitations. On the secondary side for efficient amplifica- 
tion, the voltage exceeds 0*1 volt and the current must be 
greater than 0*01 juA,, which is about the grid current of the 
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valve. Hence, if I is the current on the primary side, R the 
internal resistance of the cell, a the step-up ratio, we must 
have 

/ > 0*01 a[fjLK .) ; IRa >0-1 (volt) . . (42) 

If R is 1,000 ohms, these conditions cannot be fulfilled unless 
I is at least 1 ^A. Moreover, we have neglected all imped- 
ances except R, The frequency must be less than 1,000 
p.p.s., because at that frequency the admittance of the 
capacity of the cell becomes serious. The input inductance 
of the transformer must be much less than R, because other- 
wise the transformer will receive no energy; and yet the 
ratio of reactance to resistance must be very large, and the 
coupling must be close, the transformation ratio large. A 
few simple calculations will show that these conditions are 
not easily satisfied with either air-cored or iron-cored trans- 
formers. That is why the use of transformers with rectifier 
cells has often been proposed, but seldom (never, so far as 
we know) practised. 

Generation of Alternating Light. The lowest detectable 
A.C. input is decidedly lower than the lowest detectable D.C. 
input, unless electrometer valves are used and the energy 
output is very small. Hence amplifiers are often used for 
detection, even when the primary purpose does not neces- 
sarily concern rapidly varying light. Methods for convert- 
ing a normally D.C. photoelectric current into A.C. have 
been discussed in Chapter VI, But here a word of warning 
should be added. It is desirable that the A.C. should have 
a very constant frequency in order that sharply -tuned re- 
ceivers may be used for its detection and extraneous dis- 
turbances eliminated; the necessary tuning can, of course, 
be incorporated in the amplifiers. Now that a very constant 
frequency can be obtained from A.C. mains, and synchronous 
motors for clocks are readily available, it is natural to use 
this frequency for this purpose; and it will often serve 
admirably, although the constancy over periods of a few 
minutes is notably less than that suggested by the accuracy 
of the clocks, which average the frequency over long periods. 
But a difficulty arises from disturbances, having the 
same frequency, due to the stray field of the mains and 
the leads connected to them; very perfect shielding is 

ii_»(56i9) 
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required to eliminate them. The difficulty can sometimes be 
overcome by deriving the A.C. frequency of the photo- 
electric current from a rotating member-driver of the syn- 
chronous motor through gearing having a ratio not very 
different from 1. Thus if a 50-cyclc motor drives an inter- 
rupting disc through 50-53 gearing, the lowest harmonics of 
the two frequencies which approach within 2 per cent of 
each other are the 14th of one and the 13th of the other. 
Sharp tuning will then eliminate all the lower and stronger 
harmonics. 
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CHAPTER IX 

SPECIAL METHODS 

The Geiger Counter. Here we shall consider a few ways of 
using photoelectric (chiefly emission) cells that do not fall 
conveniently within the previous chapters. 

One method is to use a Geiger counter, which is in prin- 
ciple a gas -filled cell filled to an unusually high pressure and 
sometimes provided with an anode with a special surface 
treatment, ff the pressure and the electrodes and the volt- 
age between them are properly adjusted, no current passes 
so long as no ions are formed in the gas; but, when an 
ionizing ])article enters the chamber and produces ions, a 
momentary pulse of current passes through it and then 
ceases ; the number of particles entering can then be counted 
either by observing an instrument in circuit or (after ampli- 
fication) automatically. The reason why the current, which 
is of the nature of a glow discharge, should cease when the 
ionization ceases has never been explained quite satisfac- 
torily ; but the discussion of “intermittent currents” below 
throws some light on it. This counter is an indispensable 
instrument in modem work on radio activity ; here the ion- 
izing particles are usually produced outside the chamber and 
penetrate a thin window. For photoelectric work they must 
be produced within the chamber and the light must enter 
the window. 

This method has been studied so recently and so com- 
pletely by Locher (^) that no details need be given here. 
It is certainly the most sensitive method of measuring a 
photoelectric emission, for we have clearly reached the limit 
when we detect each emergent electron separately. For some 
scientific purposes it may prove very valuable. But when 
the emission is merely a means to the detection or measure- 
ment of light, and especially white or red light, the position 
is not quite so simple. For it would probably be difficult to 
produce cathodes of the highest emission within the counter ; 
it might be preferable to use a higher emission and a less 
sensitive method of detecting it. 

The remaining methods all depend on the glow and/or 
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stopping potentials of an electric discharge. One of the 
simplest is to nse the starting (or glow potential) of a gas- 
filled cell to measure the light incident on it. For, as Fig. 27 
shows, the glow potential depends on this light. The method 
has some advantages for the automatic recording of (e.g.) 
daylight. A simple mechanism raises the potential, and a 
relay operated by the discharge marks the value at which 
the glow occurs. But the method is inaccurate, because the 
glow potential under a constant illumination is not constant 
and is apt to rise continuously as the cathode is damaged 
by the bombardment of positive ions. 

Another method is to use a flashing’’ discharge tube, 
usually filled with neon, the operation of which is now 
generally understood and is described incidentally in the 
next section. If a photoelectric cell is substituted for the 
large resistance through which the condenser is charged, the 
rate of charge, and therefore the number of flashes in a 
given time, increases with the light incident upon it. This 
method has been employed to measure a photoelectric cur- 
rent on board ship, where many kinds of indicating instru- 
ments are impossible {^); but it cannot be very accurate, 
since the glow and stopping potentials of the discharge are 
not constant ; moreover, it requires very perfect insulation. 
Since both galvanometers and electrometers independent 
of gravity are now available, the method is not of very 
general interest. 

Intermittent Currents. The last method, to which con- 
siderable space was devoted in earlier editions, may be 
regarded as a combination of these last two methods, a gas- 
filled cell being used as its own “flashing tube.” It has not 
proved as important as was expected, largely because of 
new alternative methods. Nevertheless, our parental interest 
prevents us from dismissing it in a few words. It depends 
on the use of a thermionic diode as a “current limiter.” If 
the voltage across such a diode is sufficiently large and the 
thermionic emission from the cathode sufficiently small, the 
current through it is determined entirely by that emission 
and is independent of the external circuit ; it can be con- 
trolled by the current heating the cathode. 

Suppose, then, that such a thermionic current-limiter is 
placed in series with a gas-filled photoelectric cell, as shown 
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in Fig. 61, that a large potential is applied to the circuit, 
and that the filament current of the limiter is adjusted so 
that the saturated current is i. Then, if there is a point 
with an ordinate i on the voltage characteristic of the cell 
for the particular illumination to which it is subjected, a 
steady current i will fiow through the cell; the voltage 


Photo-electric 

cell 
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across it will take up the value F,-, corresponding to i, on 
the characteristic ; and the balance of the voltage, - Ei, 
will be taken up by the current-limiter. (We see now what 
is meant by a “large” potential E^; it must be such that 
E^-Ei is always sufficient to saturate the current-limiter.) 
But there may be no point with an ordinate i on the char- 
acteristic of the cell; for the greatest value of i on the 
characteristic is that corresponding to the glow potential ; 
this we shall call ij. ii increases with the illumination, and 
can always be made less than i by decreasing the illumina- 
tion. What will happen when i > ii, and there is no voltage 
which can send steadily through the cell the current that 
the limiter permits to pass ? 

The answer is that an intermittent current will fiow, of 
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which the mean value is i. There is always a capacity C 
(Fig. 61) in parallel with the cell, even if no condenser is 
added ; for the electrodes of the cell form a condenser. When 
the current i is switched on, G will begin to charge up, and 
will continue to charge up till the voltage across the cell 
reaches E^. Then a glow discharge will pass through the 
cell carrying a current i/ which is very much greater than 
ii. If (as we shall suppose at present) i lies between and 
i/, C now begins to discharge, because the current i/ flow- 
ing out of it through the cell is greater than the current i 
flowing into it from the current-limiter. The current will 
continue until the voltage across the cell falls to the stopping 
potential and the current to some value corresponding 
to this potential in the glow discharge. If (as we shall 
assume) ^ 2 ^ as well as is greater than i, the glow discharge 
must now cease, for the current passed by the limiter cannot 
maintain it ; when it ceases, the current falls to the value 
corresponding to E 2 on the voltage characteristic of the cell ; 
since is less than and, therefore, less than i, C begins to 
charge up once more and the cycle is repeated. 

The process may be illustrated by extending the voltage 
characteristic of the cell. Hitherto this has been confined 
to potentials less than so that the current is controlled 
by the illumination. But there is also a definite relation 
between current and voltage when the potential exceeds E^^ 
and the glow discharge is passing; this relation, which is 
represented by the upper part of the limiting curve in Fig. 27, 
is another part of the characteristic. These two parts are 
usually distinguished as the Townsend and the glow char- 
acteristics ; Fig. 62, which is a reproduction of part of Fig. 27, 
shows the glow characteristic and the Townsend character- 
istics for a large and a small illumination in a plane cell. 
The current i determined by the current-limiter may be 
represented by a straight line XX, If this cuts either the 
Townsend characteristic or the glow characteristic a constant 
current flows through the cell; but if it lies between them, 
as shown, a constant current cannot flow; the cycle just 
described will occur ; the point representative of the state 
of the cell will pass up the Townsend characteristic to 
OY A 2 (according to the illumination), jump across to or 
JSg, travel down the glow characteristic to <7, and jump back 
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to the Townsend characteristic at or Z>2* The condition 
that the current shall be continuous is that XX lies above 



the upper or below the lower dotted line, this latter varying 
with the illumination; the condition that the current shall 
be intermittent is that it lies between them. 

The Critical Illumination. Intermittent discharges of this 
kind can be made to occur in any discharge tube by placing 
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a condenser across its terminals and limiting the current in 
the exterior circuit. They have been closely studied in neon 
lamps, and put to a variety of practical uses. The difference 
between the “flashing” neon lamp and the gas-filled photo- 
electric cell in this matter is that the cell possesses a definite 
Townsend characteristic, variable with the illumination. As 
the illumination increases, the whole characteristic rises and 
the distance between the horizontal lines diminishes. If then 
the current-limiter is set so that XX lies between these lines 
at a small, but not at a large, illumination (e.g. so that it lies 
at X'X')y increase of the illumination on the cell will make the 
lower line rise above XX, which will then cut the Townsend 
characteristic. This means that i can be set so that the current 
through the cell is intermittent if the illumination is small, but 
becomes continuous if the illumination is sufficiently great. 
The change from an intermittent to a continuous current can 
easily be detected, e.g. by means of a telephone placed in 
the circuit ; the intermittent current will give rise to a series 
of clicks, but when the current becomes continuous there 
will be silence. 

In the use of this method we have to know the relation 
between L, the illumination of the cell, and the critical value 
of i at which the change between a continuous and an inter- 
mittent current occurs. According to the simple theory of the 
matter that has just been expounded, this value is %, the 
current at the glow potential But the relation between 
this and L is given by the dotted curve in Fig. 29 ; if the 
simple theory were true, the same curve ought to represent 
the relation we seek between L and the critical value of i. 
This curve is reproduced dotted in Fig. 63, which shows also 
the relation determined experimentally for the same cell. 
The two curves are very different. In the experimental curve 
there are no values of i at all corresponding to illuminations 
below one limit or above another limit, while between these 
limits there are in general two values of i corresponding to 
the same L, Let us examine the meaning and cause of these 
discrepancies, and inquire what elements have to be added 
to the theory to explain them. 

For this purpose it will be convenient to invert the rela- 
tion in our minds and consider the critical illumination L 
that is required to make a given current i change from 
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intermittent to continuous, rather than the critical current 
at which the change occurs for a given illumination ; that is 
to say, according to the ordinary convention. Fig. 63 must 
be turned through a right angle, so that i is the abscissa and 
L the ordinate. We start then with small values of i. Here 
there is no critical illumination ; for, even when the cell is 



Fig. 63. Relation between Current and Critical 
Illumination in a Plane Cet.l 


dark and, according to Fig. 29, ij = 0, the current through 
the cell is continuous and not intermittent. The reason for 
this discrepancy lies in our neglect of the corona discharge, 
which gives rise to the dark current. If the conditions are 
those supposed to prevail in Fig. 29, and the resistance in 
the exterior circuit is small, this current is so small as to 
be inappreciable on the scale of that diagram. But the 
greatest current that the corona discharge can carry increases 
with the exterior resistance — ^the theory of the matter is so 
obscure that no reason for this increase can be given — and 
when the very large resistance represented by the current- 
limiter is present, it rises to much higher values. The 
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current is continuous even when there is no light ; there is no 
critical illumination, and the curve of Fig. 63 does not start 
until i exceeds the greatest current that the corona dis- 
charge can carry. 

A further complication, not shown in Fig. 63, enters for 
the same reason ; depends on the capacity in parallel with 
the cell, decreasing as the capacity increases up to a certain 
limit. Accordingly, the point at which the curve of Fig. ()3 
starts and its initial course are influenced by the capacity C. 
The value of C in Fig. 63 is supposed to be the least that 
reduces ic to its minimum ; this is about 100 jLtjLiF . ; if C were 
reduced, the curve would not start until a still higher value 
of i was reached. 

When light is thrown on the cell, the photoelectric current 
is added to that carried by the corona discharge. Possibly 
there is some interaction, so that the total current is not 
exactly the sum of those which would flow in the absence 
of one or the other ; but this possibility may be neglected. 
Accordingly, once the curve starts, it follows roughly the 
course of the curve of Fig. 29 ; L rises with i, but the value 
of i corresponding to any L is greater than in Fig. 29 because 
i includes a larger corona discharge. 

If, however, i is increased still further, an entirely new 
departure from the simple theory appears. A maximum of 
the critical illumination is reached, and thereafter L de- 
creases as i increases. This is because ig", current at 
which the glow discharge stops is not, as we have assumed, 
independent of L ; as L is increased, ig' decreases, though 
the decrease is not easily detected except when the current 
in the exterior circuit is limited. Increase of L in Fig. 62 
not merely raises the lower dotted line, it also lowers the 
upper dotted line; the current may become continuous, 
not because the lower line rises above XX, but because the 
upper line falls below it. The maximum critical illumination 
occurs at the value of i, such that XX is at the level where 
the lower and upper lines meet as the illumination is increased. 
For small values of i the critical illumination is that at which 
the lower line reaches XX ; this illumination increases as XX 
is raised. For large values of i, it is that at which the upper 
line reaches XX ; this illumination decreases as XX is raised. 
The curve of Fig. 63 finally terminates, as explained before, 
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when i is so great that XX reaches the upper line of Fig. 
62 even when there is no illumination, so that the glow dis- 
charge can pass even when the cell is dark. 

Figs. 62 and 63 refer to a plane cell. If we substitute a 


spherical cell, the general nature 
of the relations is really un- 
altered; but once more there 
is a change of degree which 
appears experimentally as a 
change of kind. In the first 
place ic is very much smaller, 
and the curve of Fig. 63 there- 
fore extends to very much 
smaller currents and critical 
illuminations. Fig. 64 gives the 
corresponding curve for a 
spherical cell, the part shown 
being that for currents so small 
that the corresponding part 
does not exist at all in a plane 
cell ; we shall see later that this 
is the part important experi- 
mentally. (Here, again, L is 
measured by the saturated cur- 
rent which the illumination 
would give if the cell were 
evacuated.) However, there is 
still a small corona discharge 
and a minimum ic below which 
the curve does not exist at all, 



bnf if ic5 qn that it is not Bklation betwkkn 

but It IS SO sman tnat it is not current and Critical 

Visible at all on the scale of j^lg. Illumination in Spherical 


04 ; moreover, this value, and 


Cell 


the form of the early part of the 

curve, varies with the capacity G in the manner already 


explained. 

In the second place, there is no definite maximum critical 
illumination. If it existed, it would be expected at a much 
higher value than in the plane cell, because the upper dotted 
line of Fig. 62 lies at much higher currents. Actually, the 
critical illumination increases continually with i until values 
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much greater than those of Fig. 63 are attained, and the 
curve finally terminates before the upper dotted line is 
reached, because the changes become irregular and irre- 
versible ; the current can be changed from intermittent to 
continuous by increasing the light sufficiently, but it does 
not become intermittent again when the light is turned off. 
The same thing happens to a minor degree in the plane cell 
on the upper branch of the curve of Fig. 63. But these 
matters are of no consequence for the purpose, because the 
illuminations at which they occur are beyond the practical 
range ; for all important illuminations L increases regularly 
with i in the spherical cell. 

The Period of Intermittence. So far we have only dis- 
tinguished intermittent from continuous current, and have 
said nothing of the frequency of intermittence or the period 
of the cycle. This period is made up of two parts. During 
the first, G is charged up from difference 

between the current i, and the current i', varying with E, 
which leaks through the cell. Consequently 



(43) 


so that, if we write i' = f{E), the period ti, occupied by this 
part of the cycle, is given by 


'^1 



dE 

~i-m • 


(44) 


In the second part of the cycle, the condenser C discharges ; 
if the current flowing through the cell is now — M^), the 
period is similarly 


'^2 



dE 

fAE)-i 


(45) 


The complete period is r = + tj, but/i(^?) is always much 

greater than S(E), and, though f{E) is less than i, fi{E) is 
much greater when i is small. Then rg will be very small 
compared with and we may identify t with tj. 

If the simple theory of page 158 were true, f{E) would be 
zero when the cell is dark, and we should have 
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Actually this is not true, because /(jB) rises to even when 
the cell is dark. This does not affect the conclusion that t 
increases with C and decreases with i ; but r calculated from 
(46) will be less than the actual value. The effect of illumina- 
tion is to increase /(JB), but to decrease Ei] these effects 



Fia. 05. Variation with Illumination op Period of 
Intermittent Discharge in Spherical Cell 


work in opposite directions, but actually, for small currents 
and illuminations, the second is the greater and t is increased 
by illumination, becoming infinite when the critical illumina- 
tion is attained and the intermittence ceases. Fig. 65 shows 
the relation between r and L in the spherical cell to which 
Fig. 64 refers for two values of i ; it should be observed that 
T varies much more rapidly with L when i is small. The 
capacity G was here 100 /^/^F. ; the value of r indicated by (4()) 
is marked by a cross on the axis of r. 
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In the plane cell the corresponding curve would not start 
at all until L attained much larger values, and the greatest 
value of T would be much less. But the relations for the 
plane cell are more interesting when i is large, corresponding 
to a point on the upper branch of the curve of Fig. ()3. Here 
the first of the two effects of the light becomes more impor- 
tant ; increasing illumination reduces so greatly the difference 
of potential - E^) through which C is charged and dis- 
charged that it decreases the whole period r ; light makes the 
frequency of intermittence greater, and, when the critical 
illumination is reached, the intermittence vanishes because 
its frequency has become infinite and its period zero. The 
process is too complicated to be treated theoretically, but 
the facts are perfectly plain ; when i is small, the period of 
intermittence increases, and the frequency decreases, with 
illumination ; when it is large, the period decreases and the 
frequency increases. Between these two ranges there is one 
in which the period is almost independent of the illumina- 
tion, and when the critical illumination is reached, the inter- 
mittence ceases without any marked change in frequency. 
There are the same three ranges in the spherical cell ; but 
for the reason already explained only the first is important. 

Use of Intermittent Currents. The most likely use of the 
facts we have been considering is in the comj^arison of small 
quantities of light of the order of 10-® lumens. Two quanti- 
ties of light are equal, if they give the same period t for the 
same current i through the current-limiter. The method has 
the advantage of not reejuiring a constant H.T. su])ply — 
rectifiefl A.C. from the mains can be used — and very simple 
observing apparatus, namely, a telephone, which may be at 
a great distance from the cell. But a constant supply is 
needed for the filament of the current-limiter and well-con- 
structed rheostats for varying it. There is no trouble from 
interference by H.F. disturbances. A spherical cell has to be 
used and carefully selected, for apparently similar cells differ 
greatly in corona current ; a sensitized potassium cathode is 
best in spite of its low emission ; thin film cathodes give 
much less regular glow potentials. Insulation is important, 
especially in the condenser (7i, which must be variable ; a 
glass tube coated outside with tin-foil and filled with a vari- 
able quantity of mercury is suitable. The telephone can be 



SPECIAL METHODS 


167 


connected to the secondary of a transformer, the ])riniary of 
which is placed between the anode of the cell and H.T. -(- ; 
it must not be put in the earthed return of the H.T. supply, 
for the discharge does not pass through it there. Any receiv- 
ing valve will serve as a current-limiter, but one with, a 
'‘bright-emitting” cathode is best. 

A plane cell can be used to detect illumination of the 
order of 0*1 lumen, a relay being operated by the cessation 
of the intermittent current, amplified by valves. This method 
has the advantage attaching to the amplification of A.V. 
rather than D.C. current, and was treated at some length in 
previous editions. But since it has been displaced by the 
inethods of detection described in the previous chapter, 
nothing more need be said of it here. However, it may yet 
find a use for special purposes. 

\lE¥imENCh]S 

1. For cells as (leigoi* counUa-s, see G. L. ]x)cher, Phys, Peo. 42, 
1). 525, 1932. 

2. For Neon tube current meter, see J. 11. J. and H. 1!. Poole, 
Photoelectric Cells mid Their Applieatiofis (cit. ante), p. 142. 



PART III 

SOME APPLICATIONS OP PHOTOELECTRIC 

CELLS 

CHAPTER X 

GENERAL CONSIDERATIONS 

Choice of Cell — ^The Troe. In every application a choice has 
to be made between the three types of photoelectric cells. 
The facts on which the choice shoidd be based have been set 
forth already ; but it may be well to collect and summarize 
them here. 

There is probably no function that can be performed by 
one type of cell that cannot be performed by any other in 
principle, that is to say, with sufBiciently elaborate appar- 
atus, and in sufficiently favourable conditions. But there is 
a very clear distinction between the function to which the 
various types are well adapted. 

Conductivity cells are suitable only if (1) voltages as high 
as 100 are available ; (2) accuracy is not required ; and (3) 
the detection of very rapid light fluctuations of frequency 
> 10,000 p.p.s. is not required. If these conditions are ful- 
filled, they have an advantage over rectifier cells in the 
power that they can control in response to a small amount 
of light, over the best emission cells in price, and over all 
gas-filled emission cells in less sensitivity to voltage varia- 
tion. They have a bad reputation for reliability, and are 
said to fail inexplicably and without warning. But this 
reputation is, in part at least, a relic of their past history ; 
we know of no real evidence that it applies to modern cells ; 
but our experience is not sufficient for us to dismiss it as 
wholly undeserved. 

The field specially appropriate to their use is mechanisms 
required merely to detect light, and worked off a mains 
supply. The reasons why they are not universal in this very 
important field are not primarily technical. The chief of 
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them are a distrust created by claims made for advantages 
in other fields for which they are not suitable, and the 
greater familiarity of other types arising from their use in 
these other fields. Conductivity cells are entirely unsuited 
for measurement. 

Rectifier cells have the advantages over the other types 
that they require no electrical supply, and that they are 
small, robust, and cheap. They are much more accurate 
than conductivity cells, but less accurate than vacuum 
emission cells used properly. They are less sensitive than 
conductivity cells, but much more sensitive than vacuum 
emission cells, if the quantity of light is not so small that 
the current requnes an electrometer for its measurement. 
They are slightly superior to gas-filled cells in sensitivity 
and similar in accuracy. The current from them cannot be 
amplified easily by thermionic valves ; they can therefore 
control an appreciable amount of power only by the use of 
delicate electro-mechanical relays, operating with a cuirent 
of a few microamperes ; at present, such relays are more ex- 
pensive and less convenient and reliable than valves ; but 
the position may change, since there is now a demand for 
such relays. They are unsuitable for measuring fluctuations 
in light with a frequency above 1,000 p.p.s. 

The field specially appropriate to rectifier cells is the 
measurement of moderate quantities of light with an accu- 
racy of not more than 1 per cent. • This field includes the 
photometry of lamps with a precision at least equal to that 
of the eye, the measurement of illumination both indoors 
and outdoors, and the measurement of transmission (in the 
very general sense of Chapter XI). They are also suitable 
for detection where no considerable amount of power is 
required, as in galvanometer relays. In all this field, which 
covers most of the laboratory uses of cells, rectifier cells have 
no serious rivals. 

It should be pointed out that the accuracy of which 
rectifier cells are capable varies more with the conditions of 
measurement than in other cells. If a direct reading method 
is required, accuracy demands that either the galvanometer 
should have a resistance very small compared with the in- 
ternal resistance or that the incident light should be so 
small as to cause no appreciable change in that resistance. 

12— (5619) 
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This latter condition makes it possible to use them for 
spectrophotometric work if a galvanometer with a sensi- 
tivity limit of 10 A. is used, even if it has a resistance of 
several hundred ohms. But it is worth while to point out 
that by the use of the null method of Fig. 45 (without an 
E.M.F. in the cell circuit), all inaccuracy arising from the 
internal resistance can be abolished, for when a balance is 
attained there is no potential difference across the cell. If 
a measuring instrument (which may be of any resistance) is 
])laced in the lead from the compensating potentiometer, it 
will then read the primary current / of Chapter IV, so that 
some at least of the advantages of a direct reading method 
are obtained; its reading will be larger than if the same 
instrument were placed directly in series with the cell; it 
will be proportional to the light (^) and will not vary rax)idly 
with the temperature. The sole remaining effect of the in- 
ternal resistance is then to reduce the sensitivity of the 
circuit; it is no use placing an instrument of very high 
resistance and sensitivity at G. This method ought to be 
adopted whenever simplicity of apparatus is not the primary 
consideration . 

Gas-filled emission cells have no single quality in which 
they excel all others ; but they often provide an excellent 
compromise l)etween the qualities in which other types 
excel. They combine high sensitivity with considerable accu- 
racy, maintained at all but the highest frequencies of 
fluctuation, and they can control large amounts of power. 
The chief disadvantages peculiar to them are their vari- 
ability with anode voltage and their liability to damage 
from the passage of a glow discharge ; other qualities they 
share with vacuum emission cells. It must be remembered 
(see page 65) that the maximum gas factor decreases in 
general against the emission of the cathode, so that much 
more is gained by the gas-filling of cells with the less sensitive 
cathodes. Further, it is useless to use a gas-filled cell at a 
voltage appreciably below that for which it is designed, for 
then it will have little more sensitivity than a vacuum cell 
combined with most of the disadvantages of a gas -filled cell. 

There are two fields in which gas-filled emission cells are 
at present supreme. One is the reproduction of talking films 
and picture telegraphy; here their high sensitivity and 
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l elativeJy good fiequency-response give them the advantage. 
They are comineicially the most important type of cell, 
because more cells are made for talking films than for all 
other purposes put together. Of the other, astronomical 
photometry is typical; here the very highest sensitivity 
is required, combined with an accuracy which, though not 
absolutely high (say, 2 per cent), is high enough to put con- 
ductivity cells out of court. Thej*e is no immediate prospect 
of their being displaced in either of these fields, but their 
position in the second is stronger than that in the first. 
They are also widely used in mechanisms controlled by the 
simple detection of light ; but it is not at all clear that they 
are really superior here to conductivity cells or even vacuum 
emission cells. 

As against the other types, vac/umn emission cells have the 
merits of accuracy and perfection of frequency response, 
and the demerit of insensitivity. In the narrow, but impor- 
tant, field of precise measurement, they are indispensable ; 
in television, involving frequencies of 100,000 p.p.s. and 
upwards, they will probably displace the gas-filled cells that 
are more widely used at present ; in all other fields their 
insensitivity is generally held to be offset by no counter- 
vailing advantage. We have never shared this opinion. In 
many uses a minimum sensitivity is required, but any excess 
over this minimum is unimportant. Thus in laboratory 
uses, so long as the current is large enough to be measured 
on a reflecting galvanometer, very little is gained by increas- 
ing it so that it can be read on a pointer instrument ; when 
valve amplification is used, little is gained by increasing the 
output of the cell beyond the point where it is large com- 
pared with the ‘'noise level” of the first valve. If a vacuum 
cell has the minimum sensitivity, more is usually lost than 
gained by substituting a gas-filled cell; there is no field in 
which either accuracy or independence of applied voltage 
is really unimportant. Reference must be made again to 
the future possibilities of the secondary emission cell (page 
76). 

If vacuum cells could be made regularly with the sensi- 
tivity that they sometimes attain (say, 50 ^A./L.), they would 
possess the minimum sensitivity for all the chief pmposes 
(including talking films) for which gas-filled cells are now 
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generally used. Such cells might be more expensive than 
gas-filled cells, but they would have an infinitely long life 
unless broken by maltreatment ; and it is worth remember- 
ing that the cost of a cell is seldom a large part of the cost 
of the apparatus with which it is associated. 

Conductivity and Rectifier Cells. When the type has been 
chosen with reference to these considerations, there still 
remains a choice within the type. 

The qualities in which every maker of conductivity cells 
claims that his cells are superior to all others are permanence 
and freedom from time-lag. We have no evidence on which 
to adjudicate between these claims, and can merely record 
that many of the makes we have examined would serve the 
purposes to which cells of this type are specially appropriate, 
and that none are as free from time-lag as even the very 
worst emission gas-filled cells. Selenium cells are still used 
much more widely than either thalofide or selenium-tellurium 
alloys. For work in the infi-a-red thalofide is certainly 
superior ; but, so far as we can ascertain, these cells are not 
made on any large scale. 

In rectifier cells the front-wall type seems definitely 
superior to the back-wall, which is now almost obsolete. 
The choice then remains at present between cuprous oxide 
and selenium as the semi-conductor. The Se type seems to 
be rather more sensitive to white light ; it has a higher in- 
ternal resistance B and therefore permits the use of measur- 
ing instruments of higher resistance ; it is therefore superior 
for general use. On the other hand, the CugO type has an 
emission curve more similar to the visibility curve and 
therefore has some advantage in photometry, but the simi- 
larity is not so close as to avoid the need for ‘"correction’' 
in comparing sources of widely different colour (see page 199). 
However, the difference between the two types and others 
which may shortly come on the market is not very great. 

Emission Cells. Here the cathode is the primary con- 
sideration. For white light the Cs-O-Ag is usually prefer- 
able, because of its high emission. But it is not suitable 
when constancy over long periods is required, for it seems 
to be more liable to spontaneous changes than less sensitive 
cathodes. Again, the comparatively large thermionic emis- 
sion makes it uilsuitable for a light of less than 10 ® lumen. 
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It is unfortunate that it should fail just when high sensi- 
tivity is most desirable, and proposals have been made to 
abolish the thermionic emission, when very feeble light is 
to be measured, by cooling the cell to - 60° C. (or lower) ; 
the temperature need not be constant and the method is 
doubtless practicable, but it is not likely to be used except 
when the apparatus is already very elaborate, as in astro- 
nomical photometry. 

When the Cs-O-Ag cathode is precluded for these reasons, 
there is much to be said for the K-O-Ag cathode, which, 
though less sensitive, is very stable and has an almost in- 
appreciable thermionic emission. Moreover, its emission, 
though far from uniform throughout the visible spectrum, 
is probably more uniform than that of any other ; it is there- 
fore useful for spectrophotometric work in the visible region. 
Again, K-0--Ag is preferable to Cs~0~Ag when regions of 
the visible spectrum are to be isolated by means of filters, 
for it is difficult to find filters which absorb the near infra- 
red to which Cs-O-Ag is so sensitive ; for example, the 
Wratten ‘'monochromatic/’ filters are hardly distinguished 
by Cs-O-Ag, since they all transmit in the infra-red. 

With sunlight or starlight, which is much bluer than our 
standard “white light,” K-H and Na-H increase in sensi- 
tivity relative to the thin film cathodes. Once universal, 
they are still used more than any other in astronomy, where 
gas-filled cells are essential ; we are not sure that K-O-Ag 
has been tried sufficiently to establish its inferiority. K-H, 
and probably Na-H, are rather unstable in vacuum cells; 
but “plain” K, though relatively insensitive, appears to be 
remarkably stable and to retain its emission unchanged for 
years. It has been used in the measurement of daylight as 
a standard, against which other cells can be calibrated. 

When a limited region of the spectrum is to be used, 
the best cathode is usually that having a maximum in 
this region ; but the possibility of modifying the emission 
by filters ought to be borne in mind; emission curves 
ought to be studied in conjunction with transmission 
curves of filters (^). Further, it should be remembered that 
radiation can be measured by subtraction as well as addi- 
tion ; a filter absorbing selectively in the required region in 
conjunction with a relatively non-selective cell enables the 
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light in this region to be measured by means of the change 
consequent on its introduction. Cathodes sensitized by 
Olpin’s method seem to offer great possibilities for selective 
work ; but they have not appeared on the market, and little 
information is available about their behaviour in practice. 
The peak in the ultra-violet of the X-O-Ag cathodes, shown 
in Figs. 23 and 24, is not of much practical use, because 
such cells are so sensitive to traces of light of longer wave- 
length. 

A special case of selective work is the measurement of 
ultra-violet light for medical and physiological purposes. 
Here cadmium is still employed more than any other cath- 
ode, together with sodium when sensitivity to visible light 
is not an objection. But the facts set forth in Chapter II 
suggest that uranium and possibly other metals might be 
preferable. No cathode has an emission curve coinciding 
even approximately with the erythema,'’ or any other 
biological, curve; and filters are always necessary if the 
biological effect is to be measured accurately. A possibility 
that has to be borne in mind is to cause the primary light of 
short wavelength to excite fluorescence in a suitable sub- 
stance, and to use a photoelectric cell to measure the sec- 
ondary fluorescent light of longer wavelength. This method 
has not yet been fully explored (^). 

In gas -filled cells the ideal sensitivity is determined by 
the product emission X maximum gas factor. The two fac- 
tors in general vary against each other, but the cell with the 
higher emission is the more sensitive. But in respect of 
qualities other than sensitivity, the low emission cathodes 
are preferable. They are more stable and give a better 
frequency response. The effective sensitivity to very feeble 
light ( < 10 ® lumen), such as is used in astronomical work, 
is often limited by the dark current, which arises not only 
from thermionic emission, but also from a feeble discharge 
at high gas factors even when there is no cathodic emission. 
Its nature is not understood and it is very variable even 
among cells of apparently similar construction ; some sodium 
cells (but not all) are remarkably free from it, and are there- 
fore used by astronomers in spite of the low emission. In- 
sufficient attention seems to have been paid to the possi- 
bility of eliminating dark current by compensation and 
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other null methods; they may be incapable of the infinite 
ideal sensitivity of the “charging-up” methods of pages 116 
and 118, but their effective sensitivity may be as great. 

In selecting the form of the cell, the main choice is between 
cathode-in-the-centre (tyx)es A and. B of Fig. 11 ) and cathode- 
on-wall. The former gives greater accuracy, especially in 
vacuum cells, for the reasons given on page 49 ; type 
A should be used. In gas-filled cells for high sensitivity, 
cathode-on-wall is preferable, especially with cathodes of 
low emission ; but the range over which current is propor- 
tional to light is not so great as in type A of Fig. 11, and the 
frequency response is generally worse than that of either type 
A or B. Large cells are preferable to small cells in every- 
thing except frequency response. 

Argon is generally used as the gas ; it has been stated that 
krypton and xenon are preferable, both as regards maximum 
gas factor and frequency response, but we have no evidence 
in favour of the assertion. The maximum gas factor, which 
is limited by the slope (page 70), increases against the gas 
pressure, but so does the anode voltage required. The pres- 
sure chosen is usually a compromise between the desire of 
the maker for a low gas pressure and the desire of the user 
for a low anode voltage. But little is ever gained by using 
anode voltages greater than 200. Anode voltages for a given 
slojje are lower if krypton or xenon is used, and higher if 
neon or helium is used. 

The Making of Photoelectric Cells. We have excluded from 
this book all account of how to make a photoelectric cell of 
any type, because we believe that the making of cells is best 
left to professionals. Even if a cell is required of some 
special type, not available commercially, it is better for 
those who have not great experience to seek the aid of those 
who have, rather than to attempt manufacture for them- 
selves. The reason is not that professional makers are pos- 
sessed of jealously guarded secrets that they are unwilling 
to publish, but that the making of cells is still as much an 
art as a science, involving a personal skill that is uncom- 
municable in writing. 

Problems of Detection. We have explained in our Preface 
that we do not propose to consider in detail most of the 
applications of photoelectric cells, but to confine ourselves 



176 


PHOTOELECTRIC CELLS 


to those that raise questions of principle not discussed 
adequately elsewhere. We thus omit entirely one class of 
immense importance, namely, that which includes talking- 
film reproduction, picture-telegraphy, and television. We 
should like to be able to omit entirely another, namely, that 
which includes their manifold uses in mechanical engineering. 
But the nonsense that is still talked, even in technical 
journals, about the ‘'marvels of the electric eye” compels 
us to a brief comment. 

An eye and a photoelectric cell have only one power in 
common, namely, that of distinguishing light from darkness. 
The characteristic function of the eye in distinguishing form 
and colour is not possessed by a single cell at all; on the 
other hand, the cell has a much greater power of recognizing 
definite amounts of light and rapid variations of light. Ac- 
cordingly it does not follow that any operation, normally 
performed visually, can be performed automatically by any 
practicably simple photoelectric apparatus ; or that the only 
operations that photoelectric apparatus can perform are 
those now performed visually. Much more careful analysis 
of the essentials of a problem is required before it can be 
decided whether a photoelectric solution is practicable or 
superior to any other. 

Most of the applications in this group are simple detection ; 
the only function of the cell is to work a relay when the 
amount of light falling on it passes through some limit. The 
range in which detection is possible and the means of achiev- 
ing it are now well understood and standardized ; no in- 
genuity in this part of the apparatus is required. But in- 
genuity or, better still, a sound knowledge of the principles 
of engineering and of the purpose to which the detection is 
to be applied — these are needed. If both in the design and 
the advertisement of such applications less attention were 
paid to the photoelectric part of the apparatus and more to 
the remainder, the desirable state would be reached much 
more rapidly, in which the ordinary engineer would regard 
photoelectric cells as one of the normal tools of his trade. 
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it almost impossible ever to measure truly the primary current /. 



(CHAPTER XI 

ABSORPTION 

Absorption and Transmission. By absorptioii we mean here 
any action of a material body on light whereby the quantity 
of’ that light received by some surface differs according as 
the light is or is not incident on the body. (Strictly perhaps 
we ought to say quantity or quality ; but there is no impor- 
tant case in which quality is changed without concurrent 
change of quantity,) Absorption thus includes reflection, 
both specular and diffuse, as well as polarization and scatter- 
ing. The common feature of all these actions, which leads 
us to group them together, is that with each of them is 
associated a property of the material body, and usually of 
the light as well, which is measured by means of the ratio 
of the quantities of light in two beams, both proceeding 
from the same source. The problem that we are going to 
consider in this chapter is how such a ratio may be measured 
by photoelectric methods. The ratio we shall call the tram- 
mission of the body ; the ambiguity between a ratio and its 
reciprocal will be resolved by choosing for the transmission 
that ratio which is less than 1. Transmission thus includes 
the transmission coefficient as ordinarily defined, the reflec- 
tion coefficient, the scattering power ; it is simply related to 
the rotary power for polarized light, and some other magni- 
tudes of less importance (2). 

We shall assume throughout that the transmission is 
independent of the intensity of the light incident on the 
body. This assumption is always true of’ the magnitudes 
enumerated ; for in those comparatively rare cases in which 
it is apparently untrue, the light is always said to change 
the properties of the body, so that it remains true of a body 
in any defined state. On the other hand, the transmission 
may depend greatly on the quality of the light, including its 
angle of incidence and state of polarization. 

Although we propose to group many different magnitudes 
under the common name transmission, it must not be sup- 
posed that it does not matter which of them is being meas- 
ured. In measuring the ‘‘density’’ of a photographic film, 

178 



ABSOBPTION 


179 


which scatters as well as absorbs the light incident on it, 
it is very important to decide whether the incident light 
(which forms one beam) is to be parallel or diffused, and 
whether the emergent light (which forms the other) in the 
first alternative is to include that scattered. Similarly, in 
measuring the reflection coefficient of an imperfectly matt 
surface, it is important to decide whether specularly reflected 
light is to be included. But these decisions are common to 
all methods of measuring transmission. They concern the 
definition of the two beams, not the measurement of their 
ratio, with which alone we are concerned. 

On the other hand, we cannot neglect entirely the change 
of the quality of the light that often accompanies trans- 
mission. For such a change may introduce a difference 
between the transmission measured photoelectrically and 
that measured visually or photographically, unless the emis- 
sion curve of the cell is identical with the visibility curve 
or the sensitivity curve of the photographic plate. If the 
visual transmission is the magnitude that we really want to 
measure (as in determining the whiteness of a surface) or 
the photographic transmission (as in determining the imnt- 
ing value of a negative), then only two alternatives are open 
if the difference between photoelectric and other methods 
cannot be neglected. One is to use a cell, or a combination 
of cell and filters, whose emission curve is of the desired 
form; the other is to resort to spectrophotometry. Some- 
thing will be said of the first in Chapter XIT ; the second 
will be treated in Chapter XIII; but it may be recorded 
here that photoelectric methods are little suited to such 
problems unless great precision is sought even at the expense 
of instrumental elaboration. 

However, when visual and photoelectric transmissions 
differ, they may be means to the same end and therefore 
equivalent. Thus if the real problem is to measure the con- 
centration of a dye in a solution, photoelectric transmission 
will serve our purpose as well as visual, whatever cell is 
used; for, if either is proportional to concentration, so is 
the other, and both vary in the same way with the thick- 
ness. Again, even when visual transmission is our primary 
concern, photoelectric transmission may be a desirable means 
for measuring it ; for slight differences in transmission within 
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the visible spectrum may be accompanied by much larger 
differences in the ultra-violet or infra-red to which the cell 
is sensitive. Indeed, one of the commonest errors in adapt- 
ing photoelectric methods to problems to which visual 
methods have been applied hitherto is a failure to analyse 
the problem sufficiently at the outset, and to turn to advan- 
tage what may appear at first sight the disadvantage of the 
differing properties of the eye and the cell. It is hardly 
ever right to take a visual method and to translate it directly 
into a photoelectric method by simple substitution of cell 
for eye. 

Direct-reading Methods. The simplest method of measur- 
ing transmission photoelectrically is to throw on a cell the 
two beams of light, whose ratio is to be determined, and to 
measure the resulting currents. In order that this method 
should be accurate, three conditions must be fulfilled. 

1. The cell must be placed in the two beams where they 
have the same cross-section ; for, since the sensitivity of a 
cell is never uniform over its surface, equal currents do not 
necessarily correspond to equal intensities of the beams, 
unless they fall on the same part of its surface. This con- 
dition cannot be fulfilled if absorption is accompanied by 
scattering, and one of the two beams to be measured is the 
whole of the scattered beam. When it cannot be fulfilled 
for this reason, the usual procedure is to compare, not the 
original and the scattered beam, but the beam scattered 
from the test surface and that scattered from some surface, 
giving the same scattering, of which the transmission is 
known, the incident light being the same in both cases. 
Thus the transmission of matt surfaces is always measured 
by comparison with a standard matt surface of magnesium 
oxide or carbonate of which the transmission is known or 
assumed to be unity. When this method is not available, 
some method of integrating the light over the section of the 
scattered beam must be used, unless the scattering is so 
small that the lack of uniformity of the cell surface can be 
neglected. The discussion of this problem is beyond our 
province, for it arises in all methods of measuring trans- 
mission. 

2. If the transmission is to be identified with the ratio of 
the currents, the apparatus must be linear^ that is to say^ 
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the current must be ])roportional to the light. This condi- 
tion is not so difficult to fulfil as is sometimes believed (see 
page 197); it may be noted here that the measurement of 
transmission itself provides a test of linearity ; for the ratio 
determined will vary with the quantity of the light unless 
the apparatus is linear ; this test ought always to be applied 
before any method of measuring transmission is accepted. 
The quantity of the light must be varied for the purpose of 
the test without varying its quality. The best way to do 
this is to insert blackened wire gauze in the path of the 
light ; a stop before a lens will serve if the optical system is 
sufficiently achromatic; other methods are available in 
special cases. When the test fails, a possible change in the 
quality of the light should always be one of the first objects 
of suspicion ; stray light is also a probable culprit. 

If the apparatus is not linear, it is possible in principle to 
calibrate the apparatus so as to obtain a relation between 
light and current; but this is seldom desirable. A better 
plan is to substitute comparison for measurement, to intro- 
duce into the unabsorbed beam an object of known adjust- 
able absorption, and to vary its absorption until the current 
is the same as that produced by the absorbed beam. This 
method of substitution is often associated with the null 
methods that we shall consider presently; indeed, it often 
makes direct and null methods barely distinguishable. But 
it can be used with advantage when the method is clearly 
not null, e.g. when the current is read on a galvanometer 
without compensation or on a valve voltmeter subject to the 
drift to which all such voltmeters are liable. If the substitu- 
tion of the known for the unknown absorber and vice versa 
can be made rapidly, trouble from drift can be eliminated, 
and very precise measurements made with feeble lights with 
very simple apparatus for measuring the current. This 
method has been unduly neglected. 

3. The source of light must be constant. It is clearly 
impossible to measure both the original and absorbed beam 
at the same time ; there must therefore be no change of the 
original beam during the period occupied by successive 
measurements. In all but work of the highest precision, 
there is no difficulty in fulfilling this condition if the source 
is run from batteries; a motor-car headlight lamp is 
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usually suitable ; but it is impossible to run the lamp from 
the mains, if a ]>recisiori of even 2 per cent is required. 

If a variable source must be used, the only direct reading 
method is that of the Koch resistance. It is almost obsolete 
now, but still deserves brief mention. In this method the 
current from the measuring cell, on which the beam to be 
measured falls, passes through a second “resistance” cell 
illuminated by a constant fraction of the light from the 
same source. The resistance of this cell will not be ohmic ; 
but, if the cell is linear, its voltage characteristic may be 
taken to be i ~ S . f(E), where S is the momentary intensity 
of the source. If the measuring cell is also linear, the cur- 
rents to be measured will be -- . S arid = a 2 . S, where 

rxi/ag is the transmission. If Eo fhe voltages across the 
resistance cell for the two currents, we shall have ajuz — 
f{Ei)jf{E^, independently of S. Jf, further, is constant, 
is a function of E^ which can be established by calibration. 
One objection to the method is the difficulty of obtaining 
resistance cells with smooth and nearly linear functions 
J{E ) ; another is that the simplicity that should be the chief 
advantage of a direct reading method is sacrificed, and that 
the additional complexity would usually be better devoted 
to producing a constant source of light. 

Many of the limitations discussed affect null methods as 
well, and are therefore not objections to direct measurement. 
Direct methods are usually best if high precision is not re- 
quired and if sufficient light is available ; it is always better, 
if possible, to increase the amount of light rather than the 
sensitivity of the measurement. Rectifier cells are best, used 
so that variation of their internal resistance is negligible; 
that is to say, either a low lesistance instrument must be 
used, or the compensation method of page 170. 

Null Methods. In null methods of measuring absorption, 
the light to be measured is usually compensated by an 
auxiliary beam from the same source. Fluctuations of the 
source can thus be wholly or partially eliminated, while the 
superior sensitivity generally characteristic of null methods 
can be obtained. 

The variation of the auxiliary beam in order to produce 
compensation is produced by an adjustable absorber (de- 
noted by Z)y whose transmission need not be known. In 
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order that iluctuations of the souree should be \\ holly 
(diminated, the current in both cells must vary in the same 
way with the light ; since the quality of the light usually 
varies with its quantity, this means that the two cells must 
have the same emission curve. This (condition is impossible 
to fulfil exactly; constancy of the source is still required for 
high precision, except when monochromatic; light is used 
and the quality cannot vary. Further, both cells must be 
approximately linear, for it is equally impossible to obtain 



two cells with the same considerable departure from linearity . 
rt will be assumed that the transmission to be measured is 
the transmission coefficient without scattering of a trans- 
parent body X. If it is not, it will usually be difficult to 
compensate with the same beam both the original and 
absorbed beams; the device, already mentioned, will have 
to be adopted in which the original beam is replaced by a 
beam received after incidence on a body of the same kind 
with known transmission, preferably 1. 

We also require an absorber whose transmission is 
adjustable and known. There are, then, two variants of the 
method (Fig. 66, (a), {h)). In one, Xi is introduced before the 
compensating cell B, while X is introduced before the main 
cell A ; in the other, X^ is substituted for X before ^4. In 
the first method, Z is used to produce a balance with X absent 
and the original beam on A ; in the second method, with X 
in place and the absorbed beam on A. The transmission is, 
of course, the transmission coefficient of JCj, when it is so 
adjusted that balance is restored once more after the intro- 
duction of X in the first case and its removal in the second. 
If X and Xi are absorbers of the same kind, symmetry is a 
reason for preferring the method of direct substitution ; 
but if they are not, this reason fails and there seems to be 
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no other. For the conditions, such as similarity of the two 
cells, which are obviously desirable if X and are before 
different cells, are no less actually desirable when they are 
before the same cell. The first variant is usually the more 
convenient mechanically. The auxiliary absorber Z is always 
one of the variable absorbers to be considered later, but 
it need not be calibrated. It is possible, but seldom 
desirable, to use X^ itself as the auxiliary absorber Z, 
so that the two balances correspond to different trans- 
missions of Xi, whose ratio is the transmission to be meas- 
ured. In designing apparatus, time spent in considering 
which of these variants (and of some obvious minor alter- 
natives) is best adapted to the problem in hand will never 
be wasted. 

The light from the source is best divided into the two 
beams, falling on A and B, by means of a partially reflecting 
and partially transmitting plate. Beams proceeding from 
the source in different directions (as suggested in Fig. 66) 
may also be used ; there is, then, greater symmetry of the 
optical paths, but less certainty that the two beams will 
vary together with variations in the source. If the method 
is to be one of true compensation, the balance must be 
effected by the means shown in principle in Fig. 46 ; it is 
equally applicable to either emission or rectifier cells. But 
there are very great advantages in the alternating light 
method of page 108, especially if the light is feeble and 
emission cells are used, for then valve amplification can be 
employed. However, it should be observed that the method 
is not strictly one of compensation ; variations in the source 
during the period of alternation are not eliminated; these 
may be appreciable if the source is a discharge lamp or an 
incandescent lamp fed by A.C., but hardly if it is an incan- 
descent lamp fed by D.C. 

If the alternating light method is used, the second cell 
may be, and usually should be, abolished ; the two beams, 
which in Fig. 66 fall on separate cells, may be directed by 
mirrors to fall on the same cell; no assumption about the 
transmissions of the two halves of the optical system is 
involved, except that their ratio remains constant during 
any measurement. A still further simplification is to abolish 
the second beam entirely, and to make the method one of 
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pure substitution in which X and Xi are rapidly inter- 
changed in a single beam. In principle we are then back 
where we started ; the only difference of this proposal from 
the direct reading method of substitution is that we deter- 
mine the identity of the two currents in a single operation, 
instead of observing each individually and noting that they 
are the same. But if the direct reading method is not suit- 
able, the use of the compensating beam is usually advan- 
tageous, for unless X and X^ are of the same kind (and some- 
times even if they are), it is difficult to interchange them at 
a high speed in a manner that gives a sharp minimum of the 
A.C. output when they are equal. When the compensating 
beam is used, the advantage of rapid and smooth interchange 
of the beams compared can be combined with the advantage 
of a leisurely interchange and accurate adjustment of X 
and Xi. 

Adjustable Absorbers. All but the simplest of these methods 
we have discussed require an adjustable absorber Xi, of 
which the transmission in our general sense can be varied 
at will. The available alternatives fall into two classes, 
according as (a) they do not, (&) they do, require calibration. 
In class (a) come — 

1. The inverse square law. 

2. The glass reflecting plate. 

3. The laws of absorbing solutions. 

4. The Nicol prism. 

5. The sector disc. 

(1) The inverse square law is never practicable, unless 
possibly for calibration. In compensation methods, using 
two beams from the same source, it requires movement of 
the cell, and in all it involves a change in the distribution 
of the light. 

(2) The reflecting plate comes doubtfully within this 
class, for the theoretical relation between angle of incidence 
and coefficient of reflection holds only so long as the surface 
is optically clean; moreover, the output of a cell is deter- 
mined to some extent by the polarization of the light. 

(3) De Beer’s Law that the absorption coefficient of a 
solution is proportional to the concentration of the solute 
has been proved true for certain wide classes of solute. 

* 3 — (5619) 
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Since concentration cannot be easily varied reversibly, and 
since the proportion of light absorbed by a given thickness 
of solution varies exponentially with the coefficient, it is not 
a convenient law for most purposes ; but it has obvious uses 
when the object of determining transmission is to measure 
concentration. The law relating thickness and transmission 
of a single medium has been used, and special glass cells of 
accurately adjustable thicknesses are made for using it. 
But the exponential form of the law is again inconvenient ; 
it makes the accuracy very different at different parts of 
the scale. However, when concentration is the ultimate 
quantity, it is often convenient to compensate changes of 
concentration by opposite changes of thickness; but it is 
often doubtful whether the law that, for a given transmission, 
thickness is inversely proportional to concentration is valid 
over a wide range in actual conditions. 

(4) The Nicol prism has been used in very accurate work ; 
we have no experience of it, but it clearly will serve the 
purpose admirably in suitable conditions ; the limited aper- 
ture of all but very expensive prisms is an obstacle for some 
purposes. It is not available in the ultra-violet. 

(5) The sector disc is free from all objections in principle. 
It requires the truth of the analogy of Talbot’s Law (i.e. 
that the time-average of the current electricity passing 
through the cell is determined by the time average of the 
incident lumens, not by their distribution in time) ; but this 
law is always true for any cells likely to be used on other 
grounds. It is rather slow in operation, for, except in devices 
that have not yet fully proved their worth, the rotation has 
to be stopped in order that the angle of the sector may be 
adjusted ; that is not serious in standardizing work. It can- 
not be used with an alternating light method in which the 
A.C. component of the current is detected, unless the fre- 
quency of its rotation is very great compared with that of 
the alternations — a condition that can seldom be fulfilled. 
It has the advantage of being available and equally suitable 
for light of all wavelengths. 

In class (6) the chief members are — 

1. Stops and shutters. 

2. Absorbing v^edges. 
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3. Blackened gauze. 

4. Varying voltage on lamp or cell. 


(1) Stops and shutters are excellent if they can be placed 
in the optical path so that they do not vary the distribution 
of light over the cell. If this important condition can be ful- 
filled, they should always be preferred. 

(2) Wedges fulfil this condition more easily ; but they are 
never completely non-selective in their transmission. 

(3) Blackened gauze is quite non-selective and does not 

alter the distribution of ^ ^ 

the light, but it is incapable 
of continuous variation. 

(4) Variation of voltage 

is not suitable for precise j/^\ \ 'V 

work, but it is sometimes 

useful in rough work and i\ / \ 

as a fine adjustment to c y 

other absorbers, e.g. black- 1 

ened gauze If vacuum lirect reading 
emission cells are used Jr 

according to Fig. 4b, 

change of r gives a very delicate and sufficiently stable 
adjustment. 

All this is obvious. The only matter that has really to be 
discussed is whether there is any advantage in using an 
absorber of class (6) which has to be calibrated; and, if so, 
how best the calibration is performed. The experience of all 
workers in this field has lately tended so clearly in the same 
direction that a partial answer can be given with some con- 
fidence. All precise absolute measurements of transmission 
are referred either to direct measurement of the two beams 
or to the sector disc ; but neither of these methods is widely 
employed in routine measurements ; shutters or wedges are 
used to transfer the ultimate calibration to the routine 


apparatus. The main reason is that the alternating light 
method, employing substitution, is usually the most con- 
venient on account of its sensitivity ; even when plenty of 
light is available at the source, it is convenient to be able 
to lose most of it in an elaborate optical train. The absorber 
used in the actual measurements is calibrated in special 
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experiments using much more light. At present the sector 
disc is more often used in this calibration than direct meas- 
urement; but as confidence in the linearity of suitable 
apparatus grows, the position may be reversed. 

It is possible (^) to conduct the calibration at the same 
time as the measurement, by a modification of Fig. 66 (a), 
shown in Fig. 67. A reflecting plate, P, placed between 
and B, sends only a small constant fraction of the trans- 
mitted light to B and sends most of it to a direct measuring 
apparatus C ] the light received by B (and therefore by A 
when the apparatus is balanced) is then proportional to the 
direct reading. Doubts of the precision of this plan may be 
entertained; but it must be remembered that precision of 
apparatus for measuring transmission can be, and always 
should be, established by the test of independence of the 
intensity of the source. 
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CHAPTER XII 

PHOTOMETRY 

Photoelectric and Visual Photometry. Photoelectric methods 
are rapidly replacing visual photometry in the rating of 
lamps. The reason is not as obvious as may appear at first 
sight. They possess the advantage that they can be used 
in a well-lit room instead of in a fatiguing semi-darkness, 
and that their practice requires fewer and less skilled ob- 
servers; but their adoption is more often urged on the 
ground of precision. Now the eye is certainly a very un- 
suitable instrument for measuring radiation; its very vir- 
tues and, in particular, its adaptability make it so; an 
instrument that wiU work with almost equal precision in 
illuminations differing in a ratio of 10,000 to 1 is not likely 
to distinguish easily small differences in illumination. But 
then lamps have usually no purpose except to promote 
vision; and it might be argued that a precision exceeding 
that of vision could not be useful. Though we have spent 
much time in studying photoelectric photometry, at first 
and at second hand, we are not quite sure what is the right 
reply. Perhaps it is that differences between lamps too small 
to be distinguished visually may develop later in their Ufe 
into very large differences. However, all this is not strictly 
relevant to our theme ; there is, in fact, a demand for photo- 
metry more precise than the eye can attain, and photoelec- 
tric methods can meet it. But the demand does not arise 
unless the lamps themselves are constant to a precision at 
least as great as that of visual photometry; in the visual 
range this condition is fulfilled only by electric incandescent 
lamps, and by some modern discharge lamps that are only 
now coming into general use ; accordingly only incandescent 
lamps will be considered. 

In what follows, we shall consider only matters that are 
peculiar to photoelectric photometry. Problems shared with 
visual photometry, such as errors arising from selective 
absorption by “white” spheres, or imperfect circuits for con- 
trolling and measuring the electrical input, will be left 
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wholly on one side. We are addressing ourselves to a reader 
familiar with visual photometry, who is thinking of adopting 
photoelectric methods. 

Adaptation of Visual Methods. Visual photometry is based 
on the law that the brightness of a surface of given quality 
is determined completely by its illumination, that is to say, 
by the surface density of luminous flux incident upon it. 
If, therefore, holes of equal area are pierced in surfaces of 
the same quality and equal brightness, the amount of light 
passing through these holes, and incident on any sufficiently 
large object behind, will be the same. Since all methods of 
visual photometry depend on adjusting surfaces of the same 
quality to equal brightness, it might seem that all these 
methods might be converted directly into corresponding 
photoelectric methods by replacing the surfaces by holes of 
equal area and placing photoelectric cells behind them. But 
the matter is not quite so simple; the complications that 
have been omitted are most important and require close 
attention. 

First, we must remember that no cell measures visual 
light accurately, because its emission curve does not coincide 
with the visibility curve (see page 6) ; two lights that are 
equal to the eye will not in general be equal to the cell 
unless they are of precisely the same quality. Identity of 
colour is not sufficient, for lights with very different spectra 
may have the same colour ; the relation between the wave- 
length and the power of the constituent homogeneous radia- 
tions must be the same. (Strictly, differences of polarization 
and angle of incidence ought also to be taken into account ; 
but the former are unimportant, and the latter are dealt 
with in a manner considered below.) In principle the photo- 
electric cell ought to be used only to compare lamps giving 
the same spectra; but in practice this limitation can be 
removed in two ways. If the range of quality is small, cells, 
or combinations of cells and filters, can be found which do 
agree with the eye to the necessary precision within this 
small range; in this way the whole range of commercial 
tungsten lamps, from the vacuum lamp of lowest tempera- 
ture to the gas-filled lamp of highest temperature, can be 
measured without correction to an accuracy of J per cent. 
Alternatively, the spectrum (or, for incandescent lamps, the 
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temperature) can be determined independently, and an 
empirical correction introduced for the difference between 
the test lamp and the standard to which it is referred. 

Next there are complications arising from the lack of 
uniformity of photoelectric cells. A single eye can view at 
the same time two surfaces illuminated by different sources, 
and compare their brightness. But a single cell cannot dis- 
tinguish light from one source from light from another ; to 
compare different sources in a strictly analogous manner, 
the lights from them would have to be thrown on two differ- 
ent cells ; the emission of these cells will not be exactly the 
same, and equality of the currents will not indicate equality 
of the lights. If equality of currents is to indicate equality 
of light, the lights must be thrown alternately on the same 
cell ; the only visual method that can be adapted immedi- 
ately to a photoelectric cell is the little used method of 
flicker. 

In several of the more precise methods of photoelectric 
photometry some modification of this method is used. But 
almost as important as the difference in the emission of 
different cells is the difference between different parts of the 
same cell. Thus, if we are trying to use the inverse square 
law, we shall set up a cell behind an opening of fixed area in 
a screen, and vary the distance of the source from this screen 
until the current through the cell attains some fixed value. 
But unless the screen is in contact with the cathode, or at 
least at a distance from it very small compared with the 
distance of the source (conditions almost impossible to attain 
in practice), the area of the cathode covered by the light 
passing through the opening will vary with the distance of 
the source; if the emission of the cathode is not perfectly 
uniform over its surface, equality of current will not indicate 
equality of light coming through the opening. The same 
difficulty enters if we are using a sphere for measuring total 
luminous flux. The brightness of the surface of the sphere 
is independent of the distribution of the flux from the lamp ; 
but if the cathode of the ceU is not a portion of the wall of 
the sphere, but merely placed behind an opening in it, the 
distribution of the light over it may vary appreciably with 
the distribution of the flux from the source. Further, it is 
not certain that, even if the cathode were part of the wall, 
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the current would be independent of the distribution of flux ; 
for the relation between the angle of incidence of the light 
and the resulting emission is not the same as that between 
this angle and the resulting brightness of a perfectly diffusing 
surface. 

Departures from Visual Methods. For these reasons it is 
impossible to adapt visual methods to photoelectric measure- 
ment in the simple manner suggested, except at a sacriflce 
of the precision that is its main advantage. We must now 
consider what modifications are necessary and possible. For 
the present we shall assume that the sources to be compared 
give light of the same quality, and shall leave to a later stage 
errors of the first kind that may arise if the quality is 
different. 

Errors arising from differences between two cells are 
always avoided, as has been suggested, by the use of a 
single cell and a method which is in principle one of flicker. 
This in itself means a departure from the best visual methods. 
Errors arising from the lack of uniformity of a single cathode 
can be avoided by interposing a perfectly diffusing member 
between the cell and the aperture illuminated by the source, 
so that, whatever the distribution of radiation over the 
aperture, the distribution over the cathode is always the 
same. A sheet of opal glass suggests itself immediately as 
the diffusing member, and would be entirely satisfactory if 
sheets infinitely thin, and yet perfectly diffusing, could be 
obtained. But since they cannot, the legitimacy of this 
device for work of the highest precision is doubtful, especi- 
ally when the inverse square law is to be used. For, when a 
precision of 1 part in 1,000 is being attempted, an uncer- 
tainty of 1 mm. in the distances between the source and 
the screen may be important ; a glass giving approximately 
perfect diffusion is always more than 1 mm. thick, and the 
doubt as to which layer of the glass is to be taken as the 
screen in the estimation of that distance may therefore be 
serious. 

A better method (Fig. 68) is to invert the principle of the 
Ulbricht sphere, to place the cell in the centre of a white 
sphere /S, and to throw light from the two sources to be 
compared on apertures A 2 in this sphere, these apertures 
being shielded frora the cell by the usual screens D^, Dg. 
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The cell may also be placed, not in the centre of the sphere, 
but behind a third aperture in its wall ; in this case the three 
apertures are preferably at the ends of mutually perpendic- 
ular radii. This is more convenient, since leads have not to 
be brought out of the sphere; but the other plan is more 
perfect if the cell has a plane of symmetry in which the line 
^ 1 , A 2 can lie. Among emission cells, type A (Fig. 11) is 
very suitable, the cathode having two sides. When the light 
incident on A^ or A 2 is directional, it is doubtful whether 
this method is preferable to that 
of the opal glass, but when the 
sources to be compared are them- 
selves enclosed in spheres S 2 
(indicated by dotted lines in Fig. 

68), then there is no doubt that this ^ 
method ought to be preferred to 
any other. 

Any of the methods described in 
Chapter VI can be used for deter- 
mining when the currents are the 
same. The alternating -light method is probablythe most satis- 
factory in principle, the apertures andAgbeing opened alter- 

nately ; the mechanical problem of producing the alternations 
when the apertures are part of the same sphere is not very 
simple. In addition, there is the difficulty in commutation (see 
page 109) ; it cannot be avoided if the two sides of the balance 
are to be distinguished, as they must be for rapid work. 
These two difficulties have been overcome, but they prob- 
ably provide one of the reasons why this method is not 
growing in favour and, indeed, why the visual method of 
comparison is losing ground relative to direct reading 
methods. If it is not adopted, the cell must be connected 
to some apparatus for indicating a D.C. current (which will 
probably include an amplifying valve if an emission cell is 
used) ; it will first be exposed to the light entering through 
Ai and the reading noted, and then to the light entering 
through A 2 , which will be varied till the same reading is 
reproduced. It is generally advisable to use a null method 
and to compensate the current due to the light from Ai, so 
that the reading that has to be reproduced is always zero ; 
the operations involved in a single measurement are longer, 
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since they involve first adjusting the current to zero under 
the light from Ai, and then reproducing the reading under 
the light from A2 \ but accuracy is gained. In principle, 
any type of cell might be used; but in practice the con- 
ductivity cell is ruled out (except possibly in the alternating- 
light method) by the delay in reaching a steady state. The 
greater effective sensitivity of the emission cell for light of 
small intensity probably makes it superior when high pre- 
cision is sought. 

Calibration. We have now to consider how the adjustable 
flux through ^2 is to be produced. Two methods will occur 
immediately to experts in visual photometry. One is to 
remove the sphere S2 and to use the inverse square law. 
The comparison source L2 is placed at an adjustable dis- 
tance T from A2\ the flux entering A 2 will then be propor- 
tional to l/r^. But it is very doubtful whether diffusion by 
the sphere S is complete enough to make this method legiti- 
mate ; the area of the illuminated patch on the far side of 8 
will vary with r, and with it the proportion of the entering 
flux which emerges again through A^ and A 2^ It can be 
recommended only when the candle-power of a source in a 
single direction is being measured and not its total flux. 
In this case, the sphere 8 ^ will also not be present and the 
source under test will also illuminate A^ directly; if the 
distances of and L2 from 8 are not very different, errors 
due to imperfect diffusion will tend to compensate each 
other. But systematic errors can hardly be avoided com- 
pletely. The truth is that the implicit reliance placed on the 
inverse square law in visual photometry, and the associated 
importance attached to the conception of candle-power, are 
justified only so long as the systematic errors associated with 
them are concealed by the accidental errors inherent in 
visual comparisons. The inverse square law may be ideally 
true, but the conditions necessary for its precise truth are 
very difficult to attain in practice; when the precision of 
photoelectric methods is sought, it is better to abandon 
entirely the use of it and of all its derivatives. 

The second method is the rotating sector of variable 
aperture. This is perfect in principle, for the analogue of 
Talbot’s Law, on which its use depends, is accurately true 
of any cells suitable for this work. But it is inconvenient 
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on account of the well-known difficulty of varying the 
aperture continuously. 

The simplest method is to use standard lamps, and a 
shutter or wedge covering A 2- A comparison lamp, main- 
tained constant, is placed in /Sg; the standard lamps are 
inserted in turn in /S^ and the readings of the shutter noted. 
But since the calibration is purely empirical, the lamps 
required must be numerous and must cover the entire range 
of measurement ; it is hardly possible to have enough lamps 
to detect small irregularities and departures from smooth- 
ness in the calibration curve. Moreover, if our aim is to 
produce apparatus of the utmost precision, it is useless to 
calibrate it with lamps measured to a less precision, at any 
rate unless the exact form of the calibration curve is known 
a priori. But how are lamps calibrated with equal precision 
to be obtained? Not by visual methods. To this it may be 
replied that the ultimate calibration of a lamp must be 
visual, since luminous flux has no meaning apart from visual 
judgments. That is true so far as absolute calibration, in 
terms of the standard unit of flux is concerned ; but it is not 
true of the relative calibration that alone is required to 
establish the relative intensities of sources — and this is the 
problem in which precision is really required. 

There is only one method of calibration that solves this 
problem completely and ensures that the relative calibra- 
tion is as precise as the errors inherent in the method of 
measurement i}ermit. It depends on the fact that luminous 
flux is an ‘"additive” quantity, and that there are linear 
cells (see page 180 ), such that the current produced in them 
by one beam of light is independent of the simultaneous 
presence of another beam. The essentials of the procedure 
are as follows. Two lamps are placed in 8^ and a comparison 
lamp in 82) the currents through the two lamps are ad- 
justed so that each, acting alone, gives the same current in 
the cell, indicated by the same reading of the shutter. 
The two lamps are now turned on together, each carrying 
its adjusted current, and the shutter adjusted so that bal- 
ance is reached at the reading ajg. It is then known that Xg 
corresponds to double the flux corresponding to ; by seek- 
ing a sufiicient number of such pairs of readings X2) such 
that the second corresponds to double the flux of the first. 
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the complete relative calibration curve can be established. 
A single point, established by a single source of known 
absolute flux in Si, then suffices to give a complete absolute 
curve. 

Modifications of the exact procedure described will be 
obvious. More than two lamps may be included in 8i, and 
a set of shutter readings corresponding to fluxes 1, 2, 3 . . . 
determined in a single experiment. It is convenient for this 
purpose to have a lamp with (say) six independent filaments 
in the same bulb; but the necessity for independent sup- 
plies (see below) sets a practical limit in this direction. 
Between the points on the calibration curve thus deter- 
mined, other points can be interpolated by using sources of 
lower power, or the same sources run at smaller currents. 
The extreme of this procedure is to have only two layups, 
one of high and one of low power ; the low-power lamp is 
always fed with the same supply ; the supply of the high- 
power lamp is varied. The change in shutter reading due to 
turning on the low-power lamp then always corresponds to 
the same increase in flux. This last method is not recom- 
mended for the primary calibration, for the errors are large 
when the curve is built up by small increments; but it is 
an excellent method of checking the accuracy of a calibra- 
tion established by other methods ; in fact, it provides a test 
which should always be applied to every calibration curve, 
by whatever means it was originally obtained, before it is 
finally accepted as accurate. 

It is to be observed that this procedure does 7iot involve 
the assumption that the fluxes sent through Ai by the tw^o 
lamps in Si are proportional to the total fluxes emitted by 
the lamps; or that when a balance is attained, the flux 
entering Si through Ai is equal to that entering through A 2 ; 
or that if the two lamps emit the same flux they produce the 
same current in the cell ; or that any pair of lamps con- 
cerned give radiations of the same quality. In fact, the only 
dubitable assumptions made are (1) that the cell and the 
compensating lamp are steady throughout the calibration ; 
(2) that the flux through from a lamp in the position of 
test is proportional to the flux which is to be measured — 
the assumption on which the use of the Ulbricht sphere 
rests ; and (3) that change of the current produced in the 
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cell by turning on one of the lamps in S is the same, whether 
the others are on or off — ^the assumption of linearity in a 
rather more general form. If the cells are suitable, (3) will 
be true, so long as sufficient care is taken of the electrical 
circuits; it is highly desirable that each lamp should have 
an entirely independent supply, so that it cannot be affected 
by switching other lamps off and on. If any two lamps have 
a common supply, the most painstaking scrutiny of the 
circuits is required to ensure that they do not affect each 
other ; the neglect of this precaution has led to much trouble. 
If the conditions are fulfilled, the form of the calibration 
curve will be unaltered if at some subsequent time the emis- 
sion of the cell or the flux from the comparison lamp changes ; 
the change will affect all ordinates in the same ratio and 
can be corrected by the measurement of a single standard 
lamp placed in 8^. On the other hand, the form of the curve 
might be changed by a change of the distribution of sensi- 
tivity over the cell, or by a change in its spectral sensitivity 
if the shutter were in any degree selective for colour, as a 
“grey ” wedge might be. But such changes are less probable. 

But can really linear cells be obtained of which (3) is 
strictly true ? There has been much argument on this matter, 
some workers maintaining that they can secure a linearity 
perfect under the most sensitive tests, others that no cells 
are perfectly linear. We belong to the former group, and 
are so sure of our position that we are prepared to regard 
the latter as simply misled by inadequate experiments. 
For, unless sensitivity is in doubt (and it is not), experiments 
in which linearity is apparently attained have greater evi- 
dential value than those in which it is not ; for apparent, 
as distinct from true, linearity can only arise from a most 
improbable mutual compensation of errors. Moreover, none 
of those who have failed to secure linearity show a proper 
appreciation of the conditions necessary to secure it, or of 
the tests necessary to disprove it. But while we regard it 
as no longer doubtful that linear cells can be obtained, it is, 
of course, equally certain that some cells are not linear. 
It may be well to point out therefore that, if non-linear cells 
are used, calibration is necessarily precarious. For a change 
in the comparison source or in the light-current relation of the 
cell may change the form of the calibration curve, so that 
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complete re-calibration is required, and not merely the re- 
determination of a single point. On the other hand, the 
method of calibration described can be applied to non-linear 
cells if some of the assumptions that were declared not 
necessary with linear cells are actually true. Thus it can be 
applied if the two lamps in /S\ give light of the same quality 
as the source to be tested, and if equality of the currents 
they produce individually in the cell implies equality of the 
Hux passing through A^. But it is not worth while to con- 
sider in detail the minimum conditions. 

Direct-reading Methods. Photometry by the comparison 
of two fluxes, as suggested by the practice of visual photo- 
metry, thus proves very complicated and cannot be made 
completely satisfactory unless linear cells are available. 
But, if truly linear cells are available, there is no need for 
comparison ; a flux can be measured directly by the current 
that it ])roduces, if the current can be measured with suffi- 
cient precision. Modern practice therefore is tending to 
abandon completely methods derived from visual photo- 
metry and to resort to direct measurement. The apparatus 
will then consist of spheres S and with a common aperture 
A, and of means for measuring the current through the cell. 

However, it is worth noting that one direct reading 
method does not even require linear cells. It depends upon 
“ bracketing” the test lamp between two standard lamps (or 
possibly two positions of the comparison lamp) not very 
different from it. The form of it that has been developed with 
great care and elaboration employs the constant time method 
of page 110. A recording quartz -fibre electrometer is alter- 
nately earthed and insulated by an automatic mechanism ; 
during the period of insulation, the fibre is momentarily 
illuminated at accurately-timed intervals, so that the record 
shows a series of dots, a line through which indicates by its 
slope the rate at which the charge accumulates. During the 
succeeding earthed period, the lamp is changed. Successive 
series of dots thus refer to different lamps ; in the interpre- 
tation of the record, all that has to be assumed is that the 
characteristic of the cell remains unchanged during the inter- 
val covering the measurement of the test lamp and of the 
two standards, one greater and one less, by which it is 
immediately preceded and followed. In order to interpolate 
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between these standards, it is assumed that over the small 
range concerned the rate of deflection is proportional to the 
light. It is unlikely that such a method will ever find a use 
outside standardizing laboratories of the first class ; but it is 
doubtless capable of very great precision (^). 

In all other conditions, linearity must be assumed ; it can 
be established and must be established by the additive 
method of calibration ; the current due to two lamps act- 
ing together must always be the sum of the currents due to 
them acting independently. Accuracy now depends on the 
apparatus for measuring the current. If a rectifier cell is 
used, a plain galvanometer will probal)ly suffice, preferably 
with the compensation arrangement of page 170. The cur- 
rent may then, of course, be read from the potentiometer 
instead of from a galvanometer through which it ])asses ; 
a method is not the less “direct-reading" for our present 
purpose, if the current is measured by a null method. A 
thermostat may be required to keep the temperature of the 
cell constant. If an emission cell is used, the best method 
is undoubtedly compensation by a potentiometer applied to 
an ohmic resistance, an electrometer valve being used as an 
indicator ; this plan has the advantage that the range of the 
instrument can be altered and changes in the emission of 
the cell allowed for by alteration of the resistance. The 
potentiometer can be calibrated in lumens, with several 
ranges ; a standard lamp is inserted in aVj and the resistance 
adjusted till the potentiometer reads the right value ; it will 
then read all other values correctly. Metallic film resist- 
ances, with wire resistance for fine adjustment, are suitable. 

Colour Correction. In this discussion we have })een as- 
suming in eft’ect that the sources to be measured all give 
radiation of the same quality ; we have left completely out 
of account the difference between the emission curve of the 
cell and the visibility curve. The difficulty arising from this 
difference in measuring sources of varying quality is un- 
doubtedly the most serious in photoelectric photometry. 

If the variation of quality is small, as it is in comparing 
incandescent lamps of nominally the same voltage and 
wattage, the difficulty is not serious. Front- wall rectifier 
cells, and particularly the front-wall cuprous oxide cell, 
have emission curves so similar to the visibility curve that 
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the difference may probably be neglected entirely ; inac- 
curacy is masked by lack of precision. The same is probably 
true of the K-O-Ag emission cell, for though its curve is 
very different from the visibility curve, having a minimum 
where the latter has a maximum, the two maxima, one in 
the red and one in the blue, tend to compensate each other 
and to give results which, for small variations, agree with 
those of the eye. For true coincidence of the emission and 
visibility curves is required only when sources of any quality, 
however different, have to be measured. 

If the variation is somewhat greater — for example, that 
between high and low temperature incandescent lamps, 
covering the range from 2360° K. to 2900° K. — some cor- 
rection will be needed. One plan is to determine (e.g. by 
the method of page 214) the colour temperature of each 
lamp, and to apply to the measured flux a eorrection based 
on the measurement of standard lamps of known flux and 
known temperature. Another plan is to make the effective 
emission curve of the cell agree more nearly with the visi- 
bility curve by inserting a selective filter in the path of the 
light. It is sometimes possible to find really suitable filters. 
If rectifier cells or thin film emission cells are used, suppres- 
sion of the sensitivity of the red and infra-red is required ; 
solutions of copper salts, especially cupric chloride, will 
achieve this. But if a blue sensitive cell is used, e.g. sensi- 
tized potassium, the red is completely lacking and no filter 
can restore it. Moreover, any filter which modifies seriously 
the emission curve must absorb much light, and may there- 
fore decrease sensitivity for lamps of low power. A better 
plan is not simply to subtract from the effective light, but to 
add to it or to combine addition and subtraction. Thus a 
cell which is too red sensitive may be corrected by com- 
bining it with a cell that is too blue sensitive ; the combina- 
tion can be effected by placing both cells behind apertures 
in the wall of S and connecting them electrically in parallel ; 
or by placing the test lamp in a large central sphere S, and 
a cell in each of two smaller spheres Si, S 2 on either side of it. 
A combination that gives approximately the same results 
as the eye over the range of incandescent lamps can be 
formed from a K-O-Ag cell and a KH cell. The proportion 
of each that is effective in the combination can be adjusted 
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by a shutter over one of them, which is varied empirically 
until the desired agreement with a standard calibrated 
visually is attained. Another method of combining two 
emissions which diverge in opposite directions from the 
visibility curve is to cover part, but not all, of a cathode 
with a filter which over-corrects it. Thus a filter absorbing 
only 700 m/* and longer wavelengths would over-correct a 
rectifier or K-O-Ag cell, making it too sensitive to the blue ; 
by adjusting the fraction of the cell covered by such a filter, 
satisfactory correction over a considerable range of colour 
temperature can be obtained. 

But if the quality is very different, none of these devices 
are really satisfactory. If there is a marked difference in 
colour, for example, if a neon lamp has to be compared with 
a mercury lamp, precision is in any case unattainable ; for 
the visual comparison, on which heterochromatic photo- 
metry must ultimately depend, is subject to large errors, 
arising both from uncei*tainty of an individual observer and 
systematic differences between observers. Errors of 10 per 
cent must be tolerated ; but it is difficult to adjust cells by 
any of the methods described so that even this limit is not 
exceeded. The situation is even worse if the colour is approx- 
imately the same, while the spectrum is very different ; for 
example, in the comparison of a carbon monoxide discharge 
lamp (which gives approximately white light) with daylight. 
For here the colour difference is small enough to allow of 
comparatively precise visual comparisons, while the photo- 
electric problem is almost as difficult as when great colour 
differences are present. 

With the recent increase in the use of discharge lamps, 
these problems are becoming important. One solution is to 
abandon physical methods entirely and to rely wholly on 
visual observations; and, as has been said already, it is 
difficult to find a reasonable reply to those who advocate 
this course, so far as the comparison of lamps of different 
types is concerned. If only lamps of the same type (e.g. 
discharge lamps with the same gas filling) are to be com- 
pared, it may prove possible to solve the problem by the 
methods adopted for incandescent lamps ; it is not yet known 
whether the variations of spectrum within a single type are 
small enough to make this possible. The last solution is to 

14— {5619) 
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resort to spectro-photometry (see Chapter XIV), to resolve 
the light from each differently coloured source into its 
spectrum and to compare only radiations of the same wave- 
length ; once the distribution of energy flux is known, 

the luminous flux is given / F{X)V{X)dX. Now that the 

do 

visibility curve has been standardized by international 
agreement, the ultimate adoption of this procedure is in- 
evitable. (So far, only the relative values of V(X) have been 
fixed ; the absolute values are sure to follow, either directly, 
or by the determination of F(X) for some source of which the 
flux is standardized.) For it avoids all the uncertainties due 
to different observers and gives a sound basis for a prefer- 
ence of physical over subjective methods. 

Finally, it will doubtless be asked what is the relative 
precision of visual and photoelectric photometry. This is a 
vague question, but two answers can be given. In the com- 
parison of incandescent lamps with the highest precision, 
the inconsistencies arising from uncertainties in visual com- 
parisons, using two observers, are of the same order as those 
arising from other causes ; those arising from photoelectric 
comparisons by a single observer are negligible compared 
with those from other causes. In the routine photometry of 
large numbers of lamps under commercial conditions, incon- 
sistencies of 2 per cent were ignored when the work was 
visual ; with photoelectric methods, inconsistencies of 1 per 
cent are regarded as demanding inquiry and explanation; 
at the same time the speed has been more than doubled. 

Illumination. Another problem in photometry is the 
measurement of illumination, that is to say, the lumens per 
unit area incident on a surface. Precision is here seldom 
important ; errors of 10 per cent are often permissible ; on 
the other hand, the apparatus must be portable. There are 
two chief sources of error. One is again colour-difference ; 
it is often necessary to compare daylight with artificial light, 
or direct sunlight with light under trees or below the surface 
of the sea. The only ways to remove it are those already 
discussed ; but their application is often rendered more 
difficult by ignorance of what light is truly effective. Thus 
it is by no means certain that the illumination that 
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determines visual acuity or absence of fatigue is the same 
illumination as that which determines subjective brightness, 
when colour differences are present as extreme as that between 
daylight and the light from a discharge lamp. Again, it is 
not known precisely what regions of the spectrum promote 
the growth of organisms. Even if the effective emission of 
cells were completely under control, we should not always 
know what emission curve to use. 

The other error arises from the variation of the ])hoto-‘ 
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Angle of incidence 

Fkj. 69 . Dkviation from Cosink Law 

electric current with the angle of incidence of the light, its 
quantity being always the same. Such variation is often 
called a failure of the cosine law, because, if it were ai)sent, 
the current produced by a beam of parallel light, greater in 
cross-section than the cell, would vary as the cosine of the 
angle of incidence. This law is not generally true, even if 
the cell is designed so that light from no direction is actually 
obstructed. Fig. 69 gives the current produced by the same 
beam of light at different angles of incidence (a) in a rectifier 
cell; and (6) in a specially designed emission cell, with a 
K-0~Cu cathode which is matt and black. Since the most 
perfect matt surfaces used in visual photometry show devia- 
tion of 2 per cent, curve (6) is good enough, but curve (a) 
is not. Unless the distribution of the illumination is known 
— a condition seldom fulfilled — it is impossible to apply a 
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correction for an imperfect curve ; the only possible course 
is to diffuse the light before it reaches the cell, so that, what- 
ever the manner of incidence on the surface under test, the 
angles of incidence on the cell will be the same. Probably 
the nearest approach to the idea would be to place the cell 
again in a sphere of which an aperture forms the surface or 
to use the concentric spheres of opal glass proposed by 
Bennett (^). But both these methods involve a great loss 
of light, which is serious when the measuring apparatus has 
to be portable and relatively insensitive. Simpler and less 
perfect devices are usually employed ; but those who have 
paid most attention to the problem are by no means sure 
that they have solved it. There is again the difficulty that 
we are often not sure what we want to measure, and whether 
illumination defined so as to be independent of the angle of 
incidence is really the relevant magnitude (^). 

In these circumstances, all ready-made illumination meters 
should be regarded with suspicion, and trust placed in their 
indications only after suitable tests have been made. The 
best that can be said for many of them is that they are no 
more inaccurate than the visual instruments they are de- 
signed to replace. And this may be good enough, especially 
in such things as photographic exposure meters ; on no other 
ground can there be justification in using for this purpose a 
simple rectifier cell that is neither linear nor corrected for 
colour or temperature, nor subject to the cosine law. 
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CHAPTER XIII 

COLORIMETRY 

The Meaning of Colour. Colour is primarily a property of 
light or of sources of light. The colour of a material not 
itself a source means the colour of the light transmitted, 
reflected, or diffused from it when it is illuminated. The 
colour of this light depends on the colour of the illuminating 
source ; accordingly, the colour of a material means nothing 
unless the illuminant is specified. At the start we shall con- 
sider only the colour of a beam of light. Here brightness or 
luminosity has to be distinguished from colour ; two beams 
may have the same colour, but different luminosity, or the 
same luminosity but different colour. Luminosity, apart 
from colour, can be measured by the methods of Chapter XII. 
In this chapter we are primarily concerned with colour alone. 

The meaning of these terms, colour and luminosity, de- 
pends on vision ; to a blind man neither can convey anything ; 
to a man with very defective vision the former can convey 
nothing. All decisions about luminosity and colour must rest 
ultimately on visual judgments. Nevertheless, they are close- 
ly connected with quantity and quality of light, as defined 
in Chapter I. 

If two geometrically similar beams of light have spectral 
distributions . i^(A) and A 2 . -F(A) where F is the same for 
both, and Ai, A 2 independent of A, then they have the same 
colour; if further Ai = Ag, they have the same luminosity. 
That proposition is strictly true, however abnormal the 
vision of the observer, so long as he can see at all. The con- 
verse of part of this proposition is true ; if the F’s are the 
same, equal luminosity implies equal A's. But the converse 
of the rest is not true ; beams of the same colour may have 
different F's, and equality of A’s does not imply equality of 
luminosity if the F's are different. Moreover, different ob- 
servers do not agree in selecting the same groups of F’s to 
correspond to the same colour or in judging what beams of 
different colour are equally bright. Even if this last diffi- 
culty could be overcome by specifying a standard observer, 
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the specification of colour by means of jF s would be very 
inconvenient, for there would be no simple mathematical 
relation between the F'h corresponding to the same colour. 

Trichromatic Coefficients. The modem specification of 
colour by the ‘ ‘ colour triangle ” or ‘ ‘ trichromatic coefficients ’ ' 
depends on quite different propositions. By mixing suitable 
quantities of the light from three differently coloured sources, 
preferably red, green, and blue, we can produce light that 
matches in colour and luminosity light of many different 
colours. The ({uantities required to match beams of the 
same colour but different luminosity stand in the same 
ratios to each other, so that the colour can be specified by 
two ratios and the luminosity by one factor. Unfortunately, 
not all colours can be thus matched, whatever are the three 
sources. But a combination of light that cannot be thus 
matched and light from one of the sources can be matched 
against some combination of the lights from the other two. 
This is expressed conveniently by saying that all lights can 
be matched by combining suitable quantities of light from 
any three sources such that light from one cannot be matched 
against any combination of light from the other two, if 
negative, as well as positive, quantities of light are admitted. 
The quantities of light from one set of three sources required 
to match a given light are related to those from any other 
set required to match the same light by linear equations, 
the constant coefficients of which are determined by the 
colours of the sources in the two sets. This fact enables us 
to introduce partly or wholly imaginary sets of sources such 
that positive quantities of the light from them will match 
any light ; and we may choose these sets so as to fulfil other 
conditions not directly connected with colour-matching. 
Observers do not agree wholly in the colour matches described, 
even if their colour-vision is not markedly abnormal. 

These facts are used in the specification of colour, formu- 
lated by the Commission Internationale de T^clairage 
(C.I.E.), in the following way. First, the colour vision of a 
‘U931 C.I.E. observer” is specified by means of his visi- 
bility curve (page 6) and his colour matches. Then an 
imaginary set of three sources is defined by means of the 
quantities of light from these sources required to match light 
of four specified colours. It is then possible for any observer. 



COLORIMETRY 


207 


with the standard colour vision to define uniquely the colour 
and luminosity of any beam of light by assigning values to 
three variables x, y, z, as the result of colour matches made 
with suitable apparatus. The colour is defined by the two 
ratios of x, y, z, so that the colour is always the same if these 
ratios are the same, and conversely. Tf a statement of 
colour alone is concerned, it is usual to choose the absolute 
values of x, y, z, so that their sum is 1 ; :r, y, z are then called 
trichromatic coefficients. If luminosity is also required, the 
absolute values are chosen so that y is proportional to the 
luminosity, whatever the colour. 

We do not imagine for a moment that this summary 
account will suffice to initiate a novice into the mysteries of 
trichromatic colour-measurement ; we hope, merely, that it 
tells him enough for our limited purpose. For information 
concerning the C.I.E. system, he should consult T. Smith 
and J. Guild, Trans. Opt. 8oc. 38, pages 73-184, 1931-2. 
This paper will also give him references to more elementary 
work; a paper by T. Smith (page 214 of the same volume) 
is recommended as a theoretical introduction. 

Colour and Spectral Distribution. Wo must now seek a 
connection between spectral distribution F{X) and trichro- 
matic coefficients x, y, z. A connection can be established 
if certain very simple assumptions are made. One of these 
is that luminosity (carefully defined) is additive, so that a 
beam of light produced by bringing two component beams 
into coincidence has a luminosity equal to the sum of the 
luminosities of its components. From these assumptions it 
follows that, by studying the colour matches of a standard 
observer, we can define three functions of A, x{}.), y(A), z{X), 
such that the trichromatic coefficients of light having the 
spectral distribution F{X) are given by 


X = 


y ^ 


z = 



x(X)F(X)dX 
y X)F(X)dX 
z{X)F{X)dX 


where R is the sum of the three integrals. The luminosity of 
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the light is proportional to y, so long as F{X) refers to geo- 
metrically similar beams. y(X) is actually the visibility func- 
tion v(X) with the ordinates reduced so that the maximum 
ordinate is nearly 1. 

X, y, z have been determined and are given in Table III 
of Smith and Guild’s paper. The problem of determining 
colour may therefore be reduced to that of determining 
F(X), This involves no visual judgments and can be achieved 
by purely “physical” apparatus, including photoelectric 
cells. All the visual judgments are made once and for all in 
determining x, y, z. 

The measurement of the colour of a material follows very 
similar lines. Once the illuminant is defined, the colour of 
a material depends on a spectral distribution function a{X) 
just as the colour of a light depends on F(X). a{X) is the 
ratio of the intensity of light of wavelength X after trans- 
mission, reflection or diffusion from the material, to the in- 
tensity of the same light before incidence upon it. Func- 
tions of X, Ex, Ey, Ez can be determined in the same way 
as the function x, y, 2 , such that the trichromatic coefficients 
of the colour of a material characterized by a(A) are given by 


= IjB' 

J' a(A) . EMX 



y = W 

% 

j a(A) . EydX 
'0 

z = l/R' 

f a{X).Em 




where R is the sum of the three integrals. The determina- 
tion of colour is thus reduced to the determination of a(A). 
Ex, Ey, Ez depend on the illuminant. Tables VI, VII, VIII 
of Smith and Guild’s paper give their values for the three 
standard illuminants defeed by the C.I.E. The specifica- 
tions of these illuminants, representing roughly domestic 
artificial light and two kinds of daylight, are given on pages 
75 and 76, and their spectral distribution functions F(A) (de- 
noted by E) in Table V ; the choice of the illuminant is left 
to be decided by the purpose of the measurement. It is to 
be observed that the illuminant chosen need not actually be 
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used in determining colour by means of a{X ) ; its properties 
cease to matter once Ex, Ey, Ez are determined. 

Spectro-photometry. a(A) is simply the transmission of the 
material in the generalized sense of page 178. Accordingly, 
little more need be said about its measurement. Spectrally- 
resolved light must, of course, be used. The spectrometer 
may be placed in the optical train either before or after the 
light falls on the material ; both plans have been used, the 
preference between them rests on considerations of intensity 
and of stray light ; it is important to remember that stray 
light of very small or no visual intensity may produce a con- 
siderable current in the cell and must be excluded. When 
colour by reflection is concerned, comparison with a white 
surface is always employed. The alternating b'ght method 
is generally preferred nowadays. An elaborate automatic 
instrument, which not only measures and records a(A), but 
also calculates the integrals required to derive x, y, z, has 
been designed by A. C. Hardy (^). 

In measuring a(A), the spectral distribution of the source 
need not be known ; but in measuring the colour of light by 
means of jF(A), a source of known spectral distribution i^o(^) 
is required. Light from the known and unknown source is 
thrown alternately on the slit of the spectrometer, and the 
ratio of the emergent light of wavelength A is determined. 
F{k) is thus determined from the measured ratio ^(A)/-Po(A) 
and the known Here, again, we are concerned with 

the comparison of the intensities of beams following the 
same optical path ; the problem is therefore closely similar 
to that of measuring transmission. One of the beams is 
reduced in intensity in a known ratio until it is equal in 
intensity to the other ; the methods of effecting such reduc- 
tion have been discussed already. For the known source 
Fo(A), a tungsten radiator at known colour temperature is 
usually employed. It is important that the distribution of 
the energy should not be changed between leaving the source 
and reaching the slit of the spectrometer. Change may 
occur owing to absorption in the glass of the lamp or optical 
system, or by imperfect achromatism of the latter. In work 
of the highest precision, Fq is preferably measured at the 
slit by a thermopile ; but then it may sometimes be doubtful 
whether much is gained by deriving F indirectly through the 
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ratio Flt\ by means of the photoelectric cell, for F can also 
be measured directly by the thermopile. But when the 
problem is to compare two unknown sources rather than to 
find F absolutely for either of them, the superior sensitivity 
of the photoelectric cell usually gives increased precision. 
But photoelectric methods are certainly not as valuable in 
determining the colour of light as in determining the colour 
of a material ; so far, however, the latter problem has been 
much more important. 

A third problem, independent of colour, but requiring a 
similar technique, may be mentioned here. It is that of 
measuring the emission curve a(A) of a cell. Here, again, 
spectrally -resolved light must be used ; but now the output 
of the cell i{X) must be actually measured. (Comparison 
with a cell of known emission curve is conceivable ; but cells 
of reliably constant emission curves are not obtainable and, 
even if they were, there would be the problem of calibra- 
tion.) (t(A) is then i(X)jF^'{X), and Fq' is the power of the 
light emerging from the spectrometer, which is not the same 
as that entering it. If absolute values are required, Fq(X) 
must be measured for each value of A by means of a thermo- 
pile replacing the cell. But if only relative values and no 
great precision is required, it may be sufficient to assume 
JP'o(A) for the light incident on the spectrometer and calculate 
the proportion of the light reaching the cell from the dis- 
persion of the spectrometer and any selective absorption in it. 
i(k) will, of course, be small, and one of the sensitive methods 
of measurement must be employed. 

The advantages most often claimed for colorimetry by 
photoelectric spectro-photometry are speed and convenience 
arising from abolition of a skilled observer. As against 
colour-matching, this advantage may be very great, for 
colour-matching is worthless unless performed by a highly- 
trained observer with normal vision. As against visual or 
photographic spectro-photometry the advantage is more 
doubtful, but may be appreciable in certain circumstances. 
But precision has also to be taken into account. Photo- 
electric methods of determining a and F ought to be more 
sensitive than visual and more accurate than photographic. 
It is doubtful whether a superior precision has yet been 
achieved ; but the history of lamp photometry suggests that 
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it will be achieved if perseverance is worth while. All in- 
direct methods, i.e. those that involve the determination of 
a and F and the use of the C.I.E. tables, are at present less 
sensitive generally than direct colour-matching by a skilled 
observer. He can distinguish some colours to which these 
methods assign the same trichromatic coefficients and, in 
the assignment of these coefficients to a given source or 
material, he can attain sometimes more consistent results 
by matching against mixtures of three primaries than can 
be attained by measuring F or a. Even if his vision is not 
standard, he may avoid all systematic errors, not concealed 
by accidental errors, by a careful determination of the 
necessary corrections. If the precision of spectro-photometry 
could be greatly increased, the position might be reversed; 
then the indirect method would be more precise than the 
direct in the same sense as that in which photoelectric 
methods are more precise than visual in the determination 
of luminosity. But this sense is necessarily somewhat Pick- 
wickian, for since luminosity and colour have no meaning 
apart from vision, it would seem that no method can be 
more precise than vision. Perhaps a better way of express- 
ing the position would be to say that, in these circumstances, 
the C.I.E. tables would become the definition of a new 
magnitude to which visual colour is an imperfect approx- 
imation. However, one further possibility must be men- 
tioned. The tables derive their significance from certain 
laws, for instance, the law that colour is completely deter- 
mined by the relative spectral distribution F(X)^ and is the 
same for . F{X) and for Ag . F(k). It is conceivable that 
more precise spectro-photometry might prove some of these 
laws false. What should we say then? It is wiser to leave 
that question till it arises. 

Alternative Methods. The great complexity of the method 
of colorimetry sketched in the foregoing sections has natur- 
ally encouraged a search for simpler alternatives. All that 
have been proposed involve the principle of using cells with 
different emission curves; since such cells can distinguish 
beams of light of the same luminosity but different colour, 
it seems plausible to suppose that they might measure colour. 

There is one method based on this principle that is theo- 
retically satisfactory ; it has been advocated by Bloch (2). It 
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follows from the principles of trichromatic colorimetry that 
if it were possible to obtain three cells R, 0, B, with suitable 
emission curves a^(2,)y cyo(A), c3rB(A), then the trichromatic 
coefficients x, y, z of any light would be linear functions of 
the three currents ia, is, evoked by that light in the three 
cells ; consequently a determination of in, io, in would en- 
able X, y, 2 to be calculated. There would be a very large 
number of possible sets otr, otq, ctb, all of which would be 
suitable.* If a set cannot be found among unscreened cells, 
the emission curve of any cell sensitive throughout the visible 
spectrum could be modified by three filters so as to produce 
the required effective emission curves; for in principle a 
filter can be obtained having any desired relation between 
transmission and wavelength. 

But though this method is theoretically satisfactory, it is 
impracticable. The emission curves gtr, ctg, otu would have 
to be adjusted very precisely. The variation of the emission 
curves of different cells, and even the variation of the emis- 
sion curve of the same cell at different times, would make 
constant adjustment necessary if accuracy were to be at- 
tained. If accuracy is abandoned and the method regarded 
as merely approximate, it merely becomes one variant of a 
more general method that is better studied from another 
point of view. 

If a selectively absorbing filter is placed in the path of a 
beam of light, its transmission depends on the spectral dis- 
tribution of the light. If two beams of light are equally 
absorbed by all filters, then they must have the same 
spectral distribution, and therefore the same colour ; if they 
are absorbed equally by a series of filters each transmitting 
a different part of the spectrum, these parts covering to- 
gether all the spectrum, then they must have nearly the 

* One form of the “trichromatic theory of vision” aaserts that the eye 
perceives colour because it is a combination of three receivers having 
different sensitivity curves; those who hold this theory would therefore 
maintain that the three cells /?, Qy B would closely simulate actual vision. 
The theory is not universally accepted, and it is not our business to express 
any opinion concerning it. But for fear of misunderstanding we must 
insist that an opponent of the theory, unless ignorant of practical colori- 
metry, would not deny the proposition asserted in the text. Though he 
would hold that the three cells acted in a perfectly different way from the 
eye, he would not deny that they might be used for the determination of 
trichromatic coefficients. 
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same spectral distribution and nearly the same colour. By 
absorption experiments we can detect similarity of colour 
which arises from similarity of spectral distribution. Further, 
we can even measure roughly a difference of colour that is 
simply connected with a difference of distribution; thus 
light that is yellower owing to a larger content of spectrum 
yellow, the remaining distribution being unchanged, will be 
more absorbed by all filters that absorb spectrum yellow ; 
the ratio of the absorption by a filter which does not trans- 
mit spectrum yellow to the absorption of one that does 
transmit spectrum yellow is therefore, within the range of 
similar distributions, a measure of yellowness. 

This is the principle of the Toussaint colorimeter. If used 
with discretion, it is undoubtedly capable of giving useful 
information concerning such variations of colour as are 
likely to occur in dyeing, and in some other industries ; the 
principle involved is so obvious as to require no further 
elaboration. But it must never be forgotten that it is in- 
competent to deal with colours whose similiarity does not 
depend in a very simple manner on similarity of spectral 
distribution, unless it is elaborated so as to have become 
completely equivalent to Bloch’s method. Even if the filters 
approximate closely to a set conferring on the cell the 
effective emission curves ctr, (Tq, mentioned above, it will 
not be true in general that two beams of light of the same 
colour have the same transmission in any one of these 
filters or that the same ratio of the transmission in two of 
them establishes identity of colour ; the identity of colour 
would be established only when the transmissions in all three 
filters stood in the same ratio. There is no half-way house 
between complete measurement of colour by means of 
trichromatic coefficients and a mere detection of such 
similarity of colour as arises from similarity of spectral 
distribution. 

In using the principle, the Wratten series of ‘‘mono- 
chromatic” filters are useful. They are “monochromatic” 
only in the visible region and all transmit the near infra-red ; 
the cell must therefore not be one (such as a Cs-O-Ag cath- 
ode) sensitive to this region. On the other hand, the cell 
should have an appreciable sensitivity throughout the visible 
spectrum ; among emission cells K-O-Ag is suitable ; among 
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rectifier cells front wall CugO or Se with a greenish filter. 
It is seldom necessary to use all the six filters incorporated 
in the Toussaint instrument ; if two, or at most three, will 
not give the information sought, information obtained with 
more is likely to be misleading ; and — once again — ^any pro- 
cedure it is proposed to adopt must be checked by expert 
visual observation before it can be trusted to give any 
information at all about colour. 

It should be clear from this discussion that, instead of 
filters placed before a single cell, cells of different emission 
curves may be employed. This plan has been used with suc- 
cess in measuring the colour temperature of incandescent 
lamps. Suppose cell R is more sensitive to the red, cell B 
to the blue. The cells are exposed to a lamp at a standard 
colour temperature, and the proportion of its light incident 
on each adjusted so that the currents are equal and the cells 
balance ; if another lamp is substituted, the proportions 
being unaltered, the balance will be maintained if the colour 
temperature is the same; but if the temperature is lower 
and the light redder, cell R will give more current than cell 
B ; conversely, if the temperature is higher. Owing to the 
sensitivity of the balance, this method is extremely sensitive 
and can detect changes in colour temperature much less 
than those appreciable to the eye ; it is used in precision 
lamp photometry. In this case, and this alone, photoelectric 
methods have led to increased precision in colorimetry. The 
method may be conveniently combined with colour correc- 
tion (see page 200). The difference of the currents from the 
two cells indicates the colour of the lamp ; their sum may 
indicate the lumens independently of colour differences (^). 
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construction of, 94 
cost of, 168 

current illumination relation, 97, 
98, 99 

current temperature relation, 95, 
99 

current voltage relation, 95 
for talking films, 161 
frequency response, 97, 161 
galvanometer characteristics and, 
113 

in photometry, 194 
instability, 96 

mains circuit for use with, 144, 
168 

Ohm’s law, departure from, 94 
primary current, 92 
rectifier cell compared with, 92 • 
reliability, 168 
resistance, 94 
secondary current, 92-93 
semi-conductors for, 93-94 
sensitivity, 98-99, 101 
thalofide, 94, 100, 172 
time-lag, 96, 96, 97, 172 
voltage for running, 94, 98-99 
wave-length sensitivity, 100-101 



INDEX 


217 
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Cuprous oxide — 

impurity states in, 81 
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Current illumination relation — 
conductivity cell intermittent 
light, 99 

conductivity cell steady light, 98 
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photometry of, 201 
quality of light , 5 
Distortion — 

in valve amplification, 149 152 
television, etc. See Time-lag, 
Eroqiiency Response 
Dunoyer coll, 67 


EiiKOTiiio vector of light, 30 
Electrolytic! moasuroment of cur- 
rent, 112 
Electrometer — 
calibration, 116 
caso, 114 

Compton, 126- 127 
construction, 1 24- 1 26 
general principles, J J 4 
Hoffmann, 127 
leaf, 114 
Emdomann, 123 
Phillip’s ticking, 122-123 
<|uadrant, 126 
sensitivity, 115-116 
thermionic valve, 111, 132 -138, 
199 

Wulf, 123 
Electronic states — 

and photoelectric effect, 15-20 
and quantum energy, 1.5, 16 
general, 9 

impurity states. See Semi-con- 
ductor 

of insulator, 11, 14 
of metal, H, 13 
of rectifying boundary, 81 
of semi-conductor, 12, 14, 15, 81, 
92, 93 

of vacuum, 10 
Electrons — 

free path, 66-57 
light and, 7 • 

states of. See Electronic States 
wave theory, 21, 32 
Electroscope. Seo Electrometer 
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Electrostatic measurement — 
accuracy, 11 H -118, 119 
applicability, 114, 120-122 
automatic registration, 116 
ballistic method, 126 
compensation by induction, 120 
condensers for, 120, 129-130 
constant time method, 113, 116- 
118, 126, 198 

constant voltage method, 116- 
118, 123, 126 
earthing, 129 

gas-filled colls and, 117, 120-122 
insulation, 114, 127-128 
null methods, 119-122, 127 
precision, 119 

projection of electrometer fibre, 
124-125 

rate of deflection method, 116- 
118, 126 

resistance's, high for, 130 
sensitivity, 114, 115-116, 117, 
118, 119, 120-122 
shielding, 128-129 
speed, 127 

steady deflection method, 118, 
126, 127 

theory, 113-116 [122 

unsaturated currents, 117, 121- 
vacuum cell and, 120-122 
Emission — 

and cathode surfaces, 30 
and colour temperature, 47 
and daylight, 48 

and incidence of light, 26, 27, 30, 
203 

and visibility curve, 190 
and wavelength of light, 27- 29 
and work function, 28 
cosine law, 203 
defined, 26 
determinatitai of, 210 
fatigue. See Instability 
from anode, 41 
instability, 48-51, 60 
maximum possible, 29 
normal, 30 

plain metal cathodes, 33, 34, 35, 
36, 37 

quantum energy and, 29 
selective, 30-32, 38 
sensitized metal cathodes, 39, 40, 
41, 47 

temperature effect, 49 
theory, 15-16 

thin film cathodes, 41, 43, 44, 45, 
46, 47 


Emission — {contd . ) 
threshold, 27-30, 41 
variability, 33, 38, 191 
white light, 45, 47, 48 
Emission cell (See also Emission) — 
cathode types, 33, 172-175 
choice of, 172-175 
fatigue. See under Emission 
filters used with, 173. See also 
Filters 

form of, 23, 175 

galvanometer characteristics and, 
113 

gas-filled. See Gas-filled Emission 
Cell 

rectifier cell compared, 78 
secondary, 76, 171 
theory, 15-16 

vacuum. See Vacuum Emission 
Cell 

valve combined with, 148 
Error — 

accidental, 105, 108 
in photometry, 192, 194 
in use of photoeletric cells, 180 
systematic, 106 
Eryth(*ma, 174 

Fatigue (in emission colls). See 
Emission, Instability 
Fibres, electrometer — 
constitution of, 125 
projection of image of, 124-125 
Film, photographic, density of, 
178-179 
Filters, light — 
in colorimetry, 212-213 
infra-red, 173 

monochromatic (Wratten), 173, 
213 

photoelectric cells and, 173, 179, 
190, 200 

Klashmg discharge tube, 156, 160 
Fluorescence U.V., measurement 
by, 174 

Flux, luminous, 2, 5, 190, 191 
Free path, 55-57 
Frequency response — 
conductivity cell, 97, 151 
gas-filled emission cell, 71, 72, 
171, 174, 175 

vacuum emission cell, 171 

Galvanometer — 

characteristics, 112, 113 
ballistic use of, 113, 135-136 
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Gas factor — 

and cathode nature, 65 
characteristic conductivity and, 

69, 70 
defined, 53 
Dunoyer coll, 67 
electrode size and, 67 
glow discharge and, 57, 58 
illumination and, 61, 62 
maximum, 56, 59, 62, 175 
practical values, 67, 69, 70, 1 70 
pressure and, 55, 56, 57, 59 
time-lag and, 71-72 

voltage and, 55, 56, 57, 59 
Gas-filled emission cell (See also 
Emission) — 
applicability, 170-171 
characteristic conductivity, 69 - 

70, 121 

characteristic voltage. See Char- 
acteristic, Voltage 
choice of cathode, 174- 175 
compensation by, 108 
corona current, 129, 161, 163, 166 
current-illumination relation, 67, 
68, 69, 70 

discharge at high gas factors, 1 74 
Dunoyer, 57 

electrostatic measurements and, 
117, 120-122 

frequency response, 71, 72, 171, 
174, 175 

gas filling, 53, 175 
glow discharge. See Glow Dis- 
charge 

illumination, effect of, 61-62, 63 
intermittent current 156-167 
ionization in. See Ionization by 
Collision 

magTiification. See Gas Factor 
pressure of gas, 55, 56, 57, 59 
sensitivity, 170 
time-lag, 71-76 
working voltage, 70, 170, 175 
Gas-filled relay. See Thyratron 
Gas films, effect of, 29-30. See also 
Sensitized Metal Cathodes 
Gauze, blackened, 181, 187 
Geiger counter, 155 
Glass — 

insulating properties, 128 
transmission (optical), 34 
Glow characteristic, 158-159 
Glow discharge — 
damage by, 170 
gas factor and, 57, 58 
glow potential, 59, 60 


Glow discharge (contd .) — 

illumination and, 61-62, 63, 156 
in thyration, 145 
instability and, 49 
intermittent current and, 156-164 
mechanism of, 58 
sensitization by, 39 
stopping potential, 59, 63 
thin film cathodes and, 166 
Grill glow tube. See Thyratron 
Guard ring, 24, 129, 1.30 

Hoffmann electrometer, 127 
Homogeneous light, 3, 5, I S3 
Hyilrogen, sensitization by. See 
Sensitized Metals (Elster and 
Geitel) 

Illumination— 

characteristic of gas-filli'il coll, 61, 
62, 64 

critical, 64, 159-163 
current and. See Current Illum- 
ination Relation 
j^as factor and, 61, 62 
glow potential and, 61 63, 156 
rnoasurernimt. See Photometry 
Infra-red radiation. See Radiation 
infra-red 
Insulators — 

electronic states in, 11, 14 
for electrostatic measurements, 
127-128 

Intermittent currents, 156-167 
Inverse square law, 1 85, 1 94 
Ionization by collision-- 
cathode and, 65 
conditions for, 55, 56 
magnification by. Seo Gas Factor 
mechanism of, 53-56 
quantum energy and, 54 
Ionization chamber, 54 
Ionization potential, 53, 54 

Koch resistance, 130, 182 
Krypton, as gas filling, 175 

Lamp, incandescent — 
colour temperature, 47 
efficiency, 47 

photometry. See Photometry 
Lamp discharge. See Discharge 
Lamp 
Light — 

absorption. See Transmission 
angle of incidence, 26, 27, 30, 190, 
203 
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Light (rontfi.) — 

detection of. 111, 1 56, 1 67 
diffusion of, 192 
distribution of, 64, 65, 86 
electric*/ vector, JIO 
oloctrons and, 7 

heterogeneous, 3, 7, 45, 47, 48, 
87, 172 

homogeneous, 3, 5, 183 
luminous flux, 2, 5, 190, 191 
measurement of. See Photometry 
polarization measurements. See 
Transmission 

polarization, plane of, 27, 30, 31, 
190 

(juahty of, 3, 4, 5, 7, 27, 178-179, 
205, 207-208 

(juantity of, 2, 27. 181, 185-188 
cluantum energy of, 9, 54 
reflection. Soc^ Transmission 
transmission. See Transmission 
ultra-violet. See Ultra-violet 
Light sourcie — 

Alternating, 108-110, 153- 154, 

184 

constant, 181-182 
of known spectral distribution, 
209 

Limiting curve, 63, 64, 158 
L indeman 11 electrometer, 123 
Lithium cathode, 37, 38 
Luminous flux, 2, 5, 190, 191 


MAGJSEStnM cathode, 33, 36, 38 
Measuroinont — 

accuracy in, 105-106 
by comparison, 104, 108-10.) 
by detection, 104 
delined, 103 

general principles, 103 106 
null methods, 106-107 
of colour temperature, 214 
of current. See Current Measure- 
ment 

of daylight, 173 
of light. See Photometry 
precision in, 106 
sensitivity, 105 
Mekapion, 138 
Metal film — 

as cathode. See Thin Film 
Cathodes 

resistance, 130, 199 
Micro -coulombmetor, 112 
Monochromatic filters (Wrattan), 
173, 213 


Neon lamp — 
flashing, 156, 160 
photometry, 201 
Nifol prism, 30, 186 
Normal omission. See Emission 
Null methods — 

compensation, 106-108, 110, 119, 
120, 134 

general, 106-107 

m current measurement, 107, 109, 
119-120, 193-194 

Olpin’s method of sensitization, 39 

Partially reflecting plate, 109-1 10 
Phillip’s ticking electroscope, 122- 
123 

Photoelectric coll, general. (For 
various types see under appro- 
priate headings) — 
choice of, 168-172, 213 
cost of, 172 
defined, 1 

error in use of, 180 
eye compared with, 176 
filters and, 173, 179, 190, 200 
making, 175 

Photoelectric current. See Emission 
and also Current 
Photoelectric effect — 
boundary, 17-20 
in rock salt, 92, 93 
m selenium, 93 
inner, 15-16 
outer, 16-17 
Photographic — 

film density, 178-179 
shutter, 186 

Photometry, photoelectric — 
accuracy, 190, 199 
advantages of, 189 
alternating light method, 108- 
110, 191, 193 
assumptions in, 196-197 
astronomical, 171, 173, 174 
bracketing, 198-199 
calibration, 195-197 
colour correction, 199-202, 214 
conductivity cells in, 194 
daylight, li2, 173 
direct reading methods, 198, 199 
discharge lamp, 201 
error in, 192, 194 
flicker method, 191, 192 
illumination measurements, 169, 
202-204 

inverse square law in, 194 
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Photometry, phot oeleotrie 
(coritd . ) — 

K-O-Ag cell in, 200 
noii-lmoa.r cells in, 108 
non-uniformity of colls in, 191, 
192 

null methods, 193 
precision, 192, 19), 202 
rectifier cells in, 169, 199 
sensitized metal cells in, 174 
standard lamps, 195 
type of cell for, 194, 199 
Ulbricht sphere method, 192 -194 
visual methods adapted, 190 192 
Photovoltaic cell, 90-91 
Picture telegraphy, 71, 170, 176 
Piezoelectric charges, 128 
Plain metal cathodes — 
definition, 33 

emission, 33, 34, 35, 36, 37 
stability, 49, 173 
variability, 38 
Planck’s function, 4, 6 
Potassium cathode — 

K-O-Ag, 44, 47, 173, 200, 213 
K-O-Cu, 44, 203 
K-Ag-O-Ag, 46, 47 
plain, 38. 47, 173 
sensitized, 39, 40, 42, 47, 72, 73, 
166, 173 
Precision — 
defined, 106 
m colorimetry, 211, 214 
111 comparison, 106 
in detection, 106 

in electrostatic measurements, 1 1 9 
in measurement, 106 
in null methods, 106-107 
in photometry, 192, 195, 202 
111 transmission measurements, 
188 

Projection of electrometer fibre, 
124-125 

Quadkant electrometer, 126 
Quantum energy — 

electronic states and, 15, 16 
emission and, 29 
ionization by collision and, 54 
of visible light, 9, 54 
of X-rays, 54 
vacuum cells and, 23 
Quartz, as insulator, 127-128 

Radiation, infra-red — 

Filters for, 173 
thalofide cell and, 1 72 


I Radiation, thermal, 4-6 
I Radioactivity, Geiger counter, 155 
I Rectifier colls 
I accuracy, 1 69 

amplification and, 152-153, 169 
angle of incidence of light, 203 
anomalous, 88 
backwall, 82, 87, 172 
boundaries, constitution of, 81 
choice of type, 172 
conductivity cell compareii, 92 
construction, 80-82 
cost, 169 

cuprous oxide, 80, 86, 87, 89, 172, 
199 

tlistribution of light, 86 
electrostatic use of, 86-87 
emission coll compared with, 
78 

external E.M.F., 90, 101 
front-wall, 82, 87, 172, 199 
fiiudainental properties, 78-80 
galvanometer characteristics and, 
113 

measurement of transmission and, 
169, 182 

null methods and, 108, 170 
photometry by, 169, 199 
properties, current illumination, 
82-87 

pixipertios, current wavelength, 
87-88, 199 

resistance, 78, 79, 83-86 
selenium, 80, 87, 89, 172 
sensitivity, 169 
stability, 89 

temperature effect, 88 -89 
time-lag, 89 
usefulness, 169 

Reflection (optical). See Transmis- 
sion 

Relays — 

electromagnetic, 113, 169 
thermionic, 139-148 
Resistances — 

compensation by, 107-108, 119, 
134 

high, 130 
Koch. 130, 182 
protective, 69, 125 
Rock-salt, photoelectric effect in, 
92, 93 

Rotating disc, 186, 194 

Saturation current, 23, 25 
Scattering (optical). See Transmis- 
sion 
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Schwoidler's fluctuations. See Shot 
Effect 

Secondary emission cells, 76, 171 
Sector disc, 186, 194 
Selective emission. See Emission 
Selenium. See also Conductivity 
Cells 

impurity states in, 81 
in conductivity coll, 93, 94 
111 rectifier cell, 80, 86, 87, 89, 
172 

photoelectric effect in, 93 
Serni -conductor -- 

cuprous oxido as, 80, 80 
electron states in, 12, 14, 15, 81, 
92-93 

in conductivity coll. 94 
rectifier cell, 81 
selenium as, 80, 80 
Sensitivity- - 

accidental error and, 105 
accuracy and, 100 
and precision, 100 
effective, 105 
ideal, 105 
in comparison, 105 
in detection, 105 
in measurement, 105 
limit, 105 

of amplification, valve, 132-133, 
137, 138 

of conductivity colls, 98-99, 101 
of electrometers, 115-110 
of electrostatic measurements, 
114, 115-110, 117, 118, 119, 
120-122 

of gas-filled emission cell, 1 70 
of null methods, 106 
of rectifier cells, 169 
Sensitized metal cathodes (Elster 
anti Geitel process) — 
emission data, 39, 40 
instability, 49, 50 
preparation, 39 

Sensitized metal cathodes (Olpin 
process) — 

emission data, 39, 41 
in selective photometry, 174 
instability, 60 
preparation, 39 
Shot eflFect, 136-137 
Shutters, 186 
Silver cathode, 33, 55 
Sodium cathode — 

plain, 33, 34, 36, 47, 174 
sensitized, 40, 42, 47 173 
Seller’s circuit, 134-13o 


Solution — 

concentration measurements, 179 
concentration and transmission, 
185-186 
Space charge — 

glow discharge and, 58, 64 
in vacuum cell, 25 
Spectro -photometry, 160, 173, 179, 
202, 209 -210 

Stopping pottmtial, 59, 63 
Stops, 186 

Sulphur, as insulator, 127-128 
Sunlight, quality of, 5 
Systematic error, 106 

Talbot’s law, 194 
Talking films, 151, 170, 170 
Tantalum cathode, 35 
Television, 71, 171, 170 
Tellurium, 94 
Temperature effect — 
conductivity cell, 95, 99 
emission cell, 49 
rectifier cell, 88-89 
Thalofide cell, 94, 100, 172. See also 
Conductivity Cell 

Thermionic omission, 51, 129, 136, 
150, 172, 173, 174 
Thermionic valve. See Valve, 
Thermionic 

Thermionic work function, 28 
Thill film cathodes — 
general, 50, 65, 166 
X-M type, 39, 41, 43, 47 
X-O-M type, 41, 43, 44, 47, 174 
X-Ag-O-Ag type, 45, 46, 47 
Thorium, 33, 36 

Threshold, photoelectric, 27, 28, 29, 
30, 41 

Thyratron. See Valve, Thermionic 
Time-lag — 

conductivity coll, 95, 96, 97, 
172 

effective, 74, 89 
gas-filled cell, 71-76 
photovoltaic cell, 90 
rectifier cell, 89 
vacuum cell, 71 
Titanium cathode, 37 
Toussaint colorimeter, 213 
Transmission (optical) — 
defined, 178 

measurement of. See Transmis- 
sion Measurement 
of glasses, 34 
of solutions, 185 
quality of light and, 178, 179 
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Transmission (optical) measure- 
ment — 

absorber, adjustable, 182, 183, 
185-187 

alternating light method, 184- 
185, 187 

direct reading, 180-182 
matt surfaces, 180 
monochromatic light, 183 
null methods, 182-185 
precision, test for, 188 
rectifier cells in, 169, 182 
routine measurements, 187 
spectrally resolved light. See 
Spectro-photometry 
substitution method, 181, 185 
transparent body, 183 
variable light source for, 182 
visual and photoelectric methods 
compared, 179 

Ulbricht sphere, 192, 196 
Ultra-violet radiation (U.V.) — 
cells responsive to, 33, 39 
glasses transmitting, 34, 35 
measurement of, 174 
measurement by fluorescence, 174 
power of, 35 
therapeutic range of, 33 
Uranium, 33, 37, 174 
Use of photoele(5tric colls — > 
error in, 180 

general principles, mothod.s, 104- 
107 

general principles, objo(;t8, 103- 
104 

practical details. See under 
Specific “Objects” 

Vacuum omission coll — 
accuracy, 171 
characteristic, 23, 25 
characteristic conductivity, 70, 
121 

compensation by, 108 
cost, 172 

field of application, 171 
frequency response, 171 
in electrostatic measurements, 
120-122 


Vacoum emission coll (contd.) — 
plain metal. See Plain Metal 
Cathodes 
plane, 23 

quantum energy and, 23 
saturation current, 23, 25 
saturation voltage, 25 
spherical, 23 
time-lag, 71 
types, 23, 24 
Valve, thermionic — 

amplification by. See Amplifica- 
tion Valve 

as current limiter, 156 
electrometer, 114, 132-138, 199 
emission cell combined with, 148 
irregularities in, 136-138, 152 
noise level, 152, 171 
relay, 139-148 
thyratron, 144—148 
Vector electric (of light), 30 
Visibility of light, 5-8, 179, 190, 199 
Voltage characteristics. See Charac- 
teristics, Voltage 

Wave theory of electron, 21, 32 
Wavelength — 
and colour, 190, 207-208 
and emission, 27-29 
and quality of light, 3 
sensitivity of conductivity cells, 
100-101 

sensitivity of omission cells. See 
Emission 

sensitivity of rectifier cells, 87 
Waxes, as insulators, 127-128 
Wedges, absorbing, 186 
Wheatstone bridge, precision of, 106 
Whiteness, measurement of, 179 
Wilson’s micro -CO u lorn bmoter, 1 12 
Work function, thermionic, 28 
Wratten filters, 173, 213 
Wulf electrometer, 123 

Xenon-, as gas-filling, 175 
X-rays, 54 

Zinc cathode, 33, 35 

blende, photoelectric effect in, 92 
Zirconium, 37 
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PlTMAN^S TECHNICAL BOOKS 


DRAUGHTSMANSHIP 

s. d. 

Drawing and Designing. By Charles G. Leland, M.A. Fourth 

Edition 3 6 

Drawing Office Practice. By H. Pilkington Ward, M.Sc., 

A.M.Inst.C.E 7 6 

Engineering Design, Examples in. By G. W. Bird, B.Sc. 

Second Edition 6 0 

♦Engineering Drawing, A First Year. By A. C. Parkinson, 

A.C.P. (Hons.), F.Coll.H. Second Edition . . .50 

Engineering Hand Sketching and Scale Drawing. By Thos, 

Jackson, M.I.Mech.E., and Percy Bentley, A.M.I.Mech.E. . 3 0 

♦Engineering Workshop Drawing. By A. C. Parkinson, 

A.C,P. (Hons.), F.C 0 II.H. Third Edition . . .40 

♦Machine Drawing, A Preparatory Course to. By P. W. 

Scott .20 

Plan Copying in Black Lines. By B. J. Hall, M.I.Mech.E.. 2 6 


PHYSICS, CHEMISTRY, ETC. 

Artificial Resins. By J. Scheiber, Ph.D. Translated by E. 

Fyleman, B.Sc., Ph.D., F.I.C. 30 0 

Biology, Introduction to Practical. By N. Walker. . 5 0 

Chemical Engineering, An Introduction to. By A. F. Allen, 

B.Sc. (Hons.), F.C.S., LL.B 10 6 

Chemistry Course for Painters and Decorators. By 

P. F. R. Venables, Ph.D., B.Sc., and H. C. Utley, F.I.B.D. 3 6 

♦Chemistry, A First Book of. By A. Coulthard, B.Sc. (Hons,), 

Ph.D., F.I.C 2 0 

♦Chemistry, Definitions and Formulae for Students. By 

W. G. Carey, F.I.C - 6 

♦Chemistry, Test Papers IN. By E. J, Holmyard, M. A. . 2 0 

With Points Essential to Answers 3 0 

♦Chemistry, Higher Test Papers in. By E. J. Holmyard. 

1. Inorganic. 2. Organic Each 3 0 

Dispensing for Pharmaceutical Students. By J. W. Cooper 
and F. J. Dyer. Fourth Edition, Revised and Re-written 

by J. W. Cooper 8 6 

Electricity and Magnetism, First Book of. By W. Perren 

Maycock, M.I.E.E. Fourth Edition 6 0 

Engineering Principles, Elementary. By G. E. HaU, B.Sc. 2 6 

♦Latin for Pharmaceutical Students. By J. W. Cooper and 

A. C. McLaren. Second Edition 6 0 

♦Magnetism and Electricity, Higher Test Papers in. By 

P. J. Lancelot Smith, M.A 3 0 

Magnetism and Electricity, Questions and Solutions in. 

Solutions by W. J. White, A.M.I.E.E. Third Edition . 5 0 

Organic Pigments, Artificial. By Dr. C. A. Curtis. Trans- 
lated by Ernest Fyleman, B.Sc., Ph.D., F.I.C. . 


21 0 
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Physics, Chemistry, etc. — contd. d. 

Pharmaceutical Chemistry* Practical. By J. W. Cooper, 

Ph.C., and F. N. Appleyard, B.Sc., F.I.C., Ph.C. Second Edn. 5 0 
Pharmacognosy, A Textbook of. Part I — Practical. By 
W. J. Cooper, Ph.C,, T. C. Denston, B.Pharm., Ph.C., and 


M. Riley, A.M.C 10 6 

Pharmacy, A Course in Practical. By J. W. Cooper, Ph.C., 

and F. N. Appleyard, B.Sc., F.I.C., Ph.C. Second Edition . 7 6 

♦PHYSICAL Science, Primary. By W. R. Bower, B.Sc. . 3 6 

♦Physics, Test Papers in. By P. J. Lancelot-Smith, M.A. . 2 0 

Points Essential to Answers, 4s. In one book . ,56 

Tutorial Pharmacy (Being Second Edition of Pharmacy, 

General and Official) . By J. W. Cooper, Ph.C. . . . 10 6 


Volumetric Analysis. By J. B. M. Coppock, Ph.D., B.Sc., and 

J. B. Coppock, B.Sc. (Load.), F.I.C., F.C.S. Third Edition 3 6 

♦Volumetric Work, A Course OF. By E. Clark, B.Sc.. . 4 6 


FOUNDRYWORK AND METALLURGY 

Aluminium and Its Alloys. By N. F. Budgen, Ph.D., M.Sc., 

B.Sc. (Hons.) 15 0 

Ball and Roller Bearings, Handbook on. By A. W. 

Macaulay, A.M.I.Mech.E 7 6 

Electroplating. By S. Field, A.R.C.Sc., and A. Dudley Weill 5 0 
Engineering Materials. Vol, I. Ferrous. ByA.W. Judge, 

Wh.Sc., A.R.C.S 30 0 

Engineering Materials. Vol. II. Non-Ferrous. By A. W. 

Judge, Wh.Sc., A.R.C.S 40 0 

Engineering Materials. Vol. III. Theory and Testing 

OF Materials. By A. W. Judge, Wh.Sc., A.R.C.S. . . 21 0 

Etching, Metallographers’ Handbook of. Compiled by T. 

Berglund. Translated by W. H. Dearden . . . 12 6 

FOUNDRYWORK AND METALLURGY. Edited by R. T. Rolfe, 

F.I.C. In six volumes Each 6 0 

Ironfounding, Practical. By J. Homer, A.M.I.M.E. Fifth 

Edition, Revised by Walter J. May . . . . 10 0 

Iron Rolls, The Manufacture of Chilled. By A. Allison . 8 6 

Metal Work for Craftsmen. By G. H. Hart, and Golden 

Keeley, A.M.Inst.B.E., M.Coll.H 7 6 

Metal Work, Practical Sheet and Plate. By E. A. Atkins, 

A.M.I.M.E. Third Edition, Revised and Enlarged . .76 

♦Metallurgy, Definitions and Formulae for Students. By 

E. R. Taylor, A.R.S.M., F.I.C., D.I.C - 6 

Metallurgy of Bronze. By H. C. Dews . . . . 12 6 

Metallurgy of Cast Iron. By J. E. Hurst . . . 15 0 

Metallography of Iron and Steel. By C. Hubert Plant, 

F. I.A.C 12 6 

Pattern Making, The Principles of. By J. Horner, 

A.M.I.M.E. Fifth Edition 


4 0 
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PITMAN’S TECHNICAL BOOKS 


Foundrywork and Metallurgy — contd. 
Pipe and Tube Bending and Jointing. By S. P. Marks, M.S.I. A. 
Pyrometers. By E. GrifiBiths, D.Sc. . . . . 

Special Steels. Founded on the researches of Sir Robert 
Hadheld, Bt., D.Sc., D.Met., etc. By T. H. Burnham, B.Sc. 
(Hons.), A.M.I.Mech.E., M.I.Mar.E. Second Edition 
Steel Works Analysis. By J. O. Arnold, F.R.S., and F 
Ibbotson. Fourth Edition, thoroughly revised . 

Welding, Electric. By L. B. Wilson 

Welding, Electric Arc and Oxy- Acetylene. By E. A. 

Atkins, A.M.I.M.E. Second Edition 

Welding, Electric, The Principles of. By R. C. Stockton, 

A.I.M.M., A.M.C.Tech 

Workshop Gauges and Measuring Appliances. By L. Burn. 
A.M.I.Mcch.E.. A.M.I.E.E 


MINERALOGY AND MINING 

Coal Carbonization, High and Low Temperature. By John 

Roberts, D.I.C., M.I.Min.E., F.G.S 

♦Coal Mining, Definitions and Formulae for Students. 

By M. D. Williams, F.G.S 

Colliery Electrical Engineering. By G. M. Harvey. 
Second Edition ........ 

Electrical Engineering for Mining Students. By G. M. 

Harvey, M.Sc., B.Eng., A.M.I.E.E 

Electricity Applied to Mining. By H. Cotton, M.B.E., 

D.Sc., A.M.I.E.E 

Electric Mining Machinery. By Sydney F. Walker, M.I.E.E., 

M.I.M.E.. A.M J.C.E., A.Amer.I.E.E 

International Coal Carbonization. By John Roberts, 
D.I.C., M.I.Min.E., F.G.S,, and Dr. Adolf Jenkner . 
Mineralogy. By F. H. Hatch, O.B.E., Ph.D. Sixth Edition 
Mining Certificate Series, Pitman's. Edited by John 
Roberts, D.I.C., M.I.Min.E., F.G.S. — 

Mining Law and Mine Management. By Alexander 

Watson, A.R.S.M 

Mine Ventilation and Lighting. By C. D. Mottram, 
B.Sc. ......... 

Colliery Explosions and Recovery Work. By J. W. 

Whitaker, Ph.D. (Eng,), B.Sc., F.I.C., M.I.Min.E. . . 

Arithmetic and Surveying. By R. M. Evans, B.Sc., 

F.G.S., M.I.Min.E 

Mining Machinery. By T. Bryson, A.R.T.C., M.I.Min.E. 
Winning and Working. By Prof. Ira C. F. Statham, 

B.Eng., F.G.S. M.I.Min.E 

Mining Science, A Junior Course in. By Henry G. Bishop. 
Tin Mining. By C. G. Moor, M.A 


5. d. 
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CIVIL ENGINEERING. BUILDING* ETC< 


CIVIL ENGINEERING, BUILDING, ETC. d. 

Architectural Hygiene; or, Sanitary Science as 
Applied to Buildings. By Sir Banister Fletcher, M. Arch. 
(Ireland), F.S.I., Barrister-at~Law, and Major H. Phillips 
Fletcher, D.S.O., F.R.I.B.A., F.S.I., etc. Sixth Edition . 10 6 

Architectural Practice and Administration. By H. 

Ingham Ashworth, B.A., A.R.I.B.A 12 6 

Audel's Plumbers* and Steam Fitters* Guides. In four 
volumes ........ Each 7 6 

Brickwork, Concrete, and Masonry. Edited by T. Corkhill, 
M.I.Struct.E. In eight volumes .... Each 6 0 

* Building, Definitions and Formulae for Students. By T. 

Corkhill, F.B.I.C.C., M.I.Struct.E - 6 

Building Educator, Pitman's. Edited by R. Greenhalgh, 

A. I.Struct.E. Second Edition. In three volumes . . 72 0 

Building Encyclopaedia, A Concise. Compiled by T. 

Corkhill, M.I.Struct.E 7 6 

Engineering Equipment of Buildings. By A. C. Pallet, 

B. Sc. (Eng.) ......... 15 0 

Hydraulics. By E. H. Lewitt, B.Sc. (Lond.), A.M.I.M.E. 

Fourth Edition . . . . . . . . 10 6 

Joinery Sc Carpentry. Edited by R. Greenhalgh, A.I.Struct.E. 

In six volumes ....... Each 6 0 

JdECHANics OF BUILDING. By Arthur D. Turner, A.C.G.I., 

A.M.I.C,E 5 0 

Painting and Decorating. Edited by C. H. Eaton, F.I.B.D. 

In six volumes ....... Each 7 6 

Plastering (Reprinted from Brickwork, Concrete and Masonry), 

By W. Verrall, C.R.P 2 0 

Plumbing and Gasfitting. Edited by Percy Manser, R.P., 

A.R.San.I. In seven volumes .... Each 6 0 
Reinforced Concrete Arch Design. By G. P. Manning, 

M.Eng., A.M.I.C.E 12 6 

Reinforced Concrete, Construction in. By G. P. Manning, 

M.Eng., A.M.I.C.E 7 6 

Reinforced Concrete, Detail Design in. By Ewart S. 

Andrews, B.Sc. (Eng.) 6 0 

Reinforced Concrete. By W. Noble Twelvetrees, M.I.M.E., 

A.M.I.E.E 21 0 

Specifications for Building Works. By W. L. Evershed, F.S.I. 5 0 
Structures, The Theory of. By H. W. Coultas, M.Sc., 

A.M.I.Struct.E., A.I.Mech.E 15 0 

Surveying, Tutorial Land and Mine. By Thomas Bryson 10 6 
Water Mains, Lay-out of Small. By H. H. Hellins,M.Inst.C.E. 7 6 
Water Supply Problems and Developments. By W. H. 

MaxweU. A.M.Inst.C.E 21 0 

Waterworks for Urban and Rural Districts. By H. C. 

Adams. M.Inst.C.E., M.I.M.E., F.S.I. Second Edition. . 15 0 

Condensing Plant. By R. J. Kaula, M.I.E.E., and I. V. 

Robinson, Wh.Sc., A.M.In8t.C.E 30 0 
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PITMAN^S TECHNICAL BOOKS 


MECHANICAL ENGINEERING 5. A. 

•Definitions and Formulae for Students — Applied Me- 
chanics. By E. H. Lewitt, B.Sc., AM.I.Mech.E.. . . - 6 

•Definitions and Formulae for Students — Heat Engines. 

By A. Rimmer, B.Eng. Second Edition. . . . - 6 

Engineering Educator, Pitman’s. Edited by W. J. 
Kearton, M.Eng., A.M.I.Mech.E., A.M.Inst.N.A. Second 
Edition. In three volumes . . . . , . 63 0 

Engineering Workshop Exercises. By Ernest Pull, 

A.M.I.Mech.E., M.I.Mar.E. Second Edition, Revised. . ^ 6 

Estimating for Mechanical Engineers. By L. E. Bunnett, 

A. M.I.P.E 10 6 

♦Experimental Engineering Science. By N. Harwood, B.Sc. 7 6 
First Year Engineering Science. By G. W. Bird, Wh.Ex., 

B. Sc., A.M.I.Mech.E., A.M.I.E.E 5 0 

Friction Clutches. By R. Waring-Brown, A.M.I.A.E., 

F.R.S.A., M.I.P.E 5 0 

Fuel Economy in Steam Plants. By A. Grounds, B.Sc., 

A.I.C., F.Inst.P 5 0 

Fuel Oils and Their Applications. By H. V. Mitchell, 

F.C.S. Second Edition, Revised by A. Grounds, B.Sc., A.I.C. 5 0 
Mechanical Engineering Detail Tables. By J. P. Ross . 7 6 

Mechanical Engineer's Pocket Book, Whittaker's. Third 

Edition, by W. E. Dommett, A.F.Ae.S., A.M.I.A.E. . 12 6 

Mechanics' and Draughtsmen’s Pocket Book. By W. E. 

Dommett, Wh.Ex., A.M.I.A.E 2 6 

•Mechanics for Engineering Students. By G. W. Bird, 

B.Sc., A.M.I.Mech.E., A.M.I.E.E. Second Edition . .50 

Mechanics of Materials, Experimental. By H. 


Carrington, M.Sc.(Tech.),D.Sc., M.Inst.Met., A.M.I.Mech.E., 

A.F.R.Ae,S 3 6 

Mollier Steam Tables and Diagrams, The. English Edition 
adapted and amplified from the Third German Edition by 

H. Moss, D.Sc.. A.R.C.S., D.I.C 7 6 

Mollier Steam Diagrams. Separately m envelope . .20 

Motive Power Engineering. By Henry C. Harris, B.Sc. . 10 6 

Pulverized Fuel Firing. By Sydney H. North, M.Inst.F.. 7 6 
Second Year Engineering Science (Mechanical). By 

G. W. Bird, Wh.Ex., B.Sc., A.M.I.Mech.E., A.M.I.E.E. . 5 0 

Steam Condensing Plant. By John Evans, M.Eng., 

A.M.I.Mech.E 7 6 

Steam Plant, The Care and Maintenance of. By J. E. 

Braham, B.Sc., A.C.G.I. . . . . .50 

Steam Turbine Operation. By W. J. Kearton, M.Eng., 

A.M.I.Mech.E., A.M.Inst.N.A 12 6 

Steam Turbine Theory and Practice. By W. J. Kearton, 

A.M.I.M.E. Third Edition 15 0 

Strength of Materials. By F. V. Wamock, Ph.D., B.Sc. 

(Lend.), F.R.C.Sc.1., A.M.I.Mech.E 12 6 
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Mechanical Engineering — contd. 

Technical Thermodynamics. By Professor Dipl.-Ing. W. 
Schiile, Translated from the German Technische Thermo- 
dynamik, by E. W. Geyer, B.Sc. ..... 

Theory of Machines. By Louis Toft. M.Sc.Tech., and A, T. J. 
Kersey, A.R.C.Sc. Second Edition ..... 

Thermodynamics Applied to Heat Engines. By E. H. 
Lewitt. B.Sc., A.M.I.Mech.E. ...... 

Turbo-Blowers and Compressors. By W. J. Kearton. 

M.Eng., A.M.LM.E.. A.M.I.N.A 

UHiFLow Back-pressure and Steam Extraction Engines. 
By Eng. Lieut.-Com. T. Allen, R.N.(S.R.), M.Eng., 

M.I.Mech.£. 

Workshop Practice. Edited by E. A. Atkins, M.I.Mech.E., 
M.I.W.E. In eight volumes ..... Each 

AVIATION 

An Introduction to Aeronautical Engineering. 

In three volumes — 

Vol. I. Mechanics of Flight. Second Edition. By A. C. 
Kermode, A.F.R.Ae.S. ...... 

Vol. II. Structures. Second Edition. By J. D. Haddon, 

B.Sc., A.F.R.Ae.S 

Vol. III. Properties and Strength of Materials. By J. D. 
Haddon, B.Sc., A.F.R.Ae.S. Second Edition . 

Aero Engines, Light. By C. F. Gaunter .... 
Aerobatics. By Major O. Stewart, M.C.. A.F.C. . 
•Aeronautics, Definitions and Formulae for Students. 

By J. D. Frier, A.R.C.Sc,, D.I.C 

Aeronautics, Handbook of. Published under the Authority of 
the Council of The Royal Aeronautical Society, with which 
is incorporated the Institution of Aeronautical Engineers. 
Vol. I. 722 pp. Second Edition ..... 

Vol. II. Aero-Engines, Design and l^ractice. By Andrew 
Swan, B.Sc., A.M.I.C.E., A.F.R.Ae.S. Second Edition . 
Aeroplane Structures, The Stresses in. By H. B. 
Howard, B.A., B.Sc., F.R.Ae.S. ..... 

Air Annual of the British Empire. Volume VI (1934-35). 
Edited by Squadron-Leader C. G. Burge, O.B.E., A.R.Ae.S.L, 
A.Inst.T. ......... 

Aircraft Performance Testing. By S. Scott Hall, M.Sc., 
D.I.C., etc., and T. H. England, D.S.C., A.F.C., etc. . 
Aircraft Construction, The Materials of. By F. T. Hill, 
F.R.Ae.S., M.I.Ae.E. Second Edition .... 

Air and Aviation Law. (Civil Aviation.) By W. Marshall 
Freeman, Barrister -at-Law ...... 

Air Licences. By T. Stanhope Sprigg .... 

Airman’s Year Book, 1934-35, The. Edited by Squadron- 
Leader C. G. Burge, O.B.E,, A.R.Ae.S.I., A.In.st.T. . 

Air Navigation for the Private Owner. By Frank A. 
Swofier, M.B.E. .«•••••• 
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PITMAN^S TECHNICAL BOOKS 


Aviation — contd. 

Airmanship. By John McDonough 

Airsense. By W. O. Manning, F.R.Ae.S. .... 

Autogiro, and How to Fly It. By Reginald Brie. Second 
Edition ......... 

Britain's Air Peril. By Major C. C. Turner, A.F.R.Ae.S. 
Flying as a Career. By Major Oliver Stewart, M.C., A.F.C. 
Second Edition ........ 

Gliding and Motorless Flight. By L. Howard-Flanders, 
A.F.R.Ae.S., and C. F. Carr. Second Edition . 

Ground Engineer’s Textbooks. 

"C" and “ D” Licences. By R. F. Barlow and A. N. Barrett 
"X” Licence. By R. W. Sloley, M.A., B.Sc. . 

*‘A” Licence. By W. J. C. Speller ..... 

“B" Licence. By S. J. Norton, A.M.I.C.E., A.F.R.Ae.S. . 
*'X" Licence. By S. G. Wybrow, A.M.I.E.E., A.M.I.M.E. . 
Learning to Fly. By F. A. Swofifer, M.B.E. Third Edition . 
Marine Aircraft Design. By William Munro, A.M.I.Ae.E.. 
Metal Aircraft Construction. By M. Langley, A.M.I.N.A., 
A.F.R.Ae.S. Second Edition ...... 

♦Pilot's ** A " Licence. Compiled by John F. Leeming, Royal 
Aero Club Observer for Pilots Certificates. Sixth Edition . 

MARINE ENGINEERING 

♦Marine Engineering, Definitions and Formulae for 
Students. By E. Wood, B.Sc 

OPTICS AND PHOTOGRAPHY 

Amateur Cinematography. By Capt. O. Wheeler, F.R.P.S. . 
Applied Optics, An Introduction to. Volume I. General 
and Physiological. By L. C. Martin, D.Sc., A.R.C.S., D.I.C. 
Applied Optics, An Introduction to. Volume II. Theory 
and Construction of Instruments. By L. C. Martin, D.Sc., 

A.R.C.S., D.I.C 

Bromoil and Transfer. By L. G. Gabriel, B.Sc. 

Camera Lenses. By A. W. Lockett ..... 
Colour Photography. By Capt. O. Wheeler, F.R.P.S.. 
Commercial Cinematography. By G. H. Sewell, F.A.C.I. 
Commercial Photography. By D. Charles. Second Edition. 
Complete Press Photographer, The. By Bell R. Bell. 
Industrial Microscopy. By Walter Garner, M.Sc., F.R.M.S. 
Lens Work for Amateurs. By H. Orford. Fifth Edition, 

Revised by A. Lockett 

Photo-Engraving in Relief. By W. J. Smith, F.R.P.S., 
£. L. Turner, F.R.P.S., and C. D. Hallam 
Photographic Chemicals and Chemistry. By J. South- 

worth and T. L. J . Bentley 

Photographic Printing, Professional and Commercial. 
By R. R. Rawkip^ • 
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Optics and Photography — contd. d. 

Photography as a Business. By A. G. Willis . .50 

Photography Theory and Practice. By L. P. Clerc. Edited 

by G. E. Broxvn, F.I.C 35 0 

Retouching and Finishing for Photographers. By J. S. 

Adamson. Third Edition . . . . . .40 

Studio Portrait Lighting. By H. Lambert, F.R.P.S. . . 15 0 

MOTOR ENGINEERING 

Automobile and Aircraft Engines By A. W. Judge, 

Wh.Sc., A.R.C.S., A.M.I.A.E. Second Edition . . . 42 0 

Automobile Engineering. Edited by H. Kerr Thomas, 
M.I.Mech.E., M.I.A.E. In seven volumes — 

Vols. 1-6 Each 7 6 

Vol. 7 26 

Garage Workers* Handbooks. Edited by J. R. Stuart. In 

seven volumes ....... Each 7 6 

Supplement to Vol. VII . . . . . .16 

Gas and Oil Engine Operation. By J. Okill, M.I.A.E.. . 5 0 

Motor Body Building, Private and Commercial. By H. J. 

Butler . . . . . . . . . . 10 6 

Two-Cycle Engine, The. By C. F. Caunter . . . 15 0 

Pitman’s Motor-Cyclists Library .... Each 2 0 

A. J.S., The Book of the. By W. C. Haycraft. 

Ariel, The Book of the. By G. S. Davison. 

B. S.A., The Book of the. By ** Waysider,** (F. J. Camm.) 
Douglas, The Book of the. By Fergus Anderson. 

Matchless, The Book of the. By W. C. Haycraft. 

New Imperial, The Book of the. By F. J . Camm. 

Norton, The Book of the. By W. C. Haycraft. 

Royal Enfield, The Book of the. By R. E. Ryder. 

Rudge, The Book of the. By L. H. Cade and F. Anstey. 
Sunbeam, The Book of the. By L. K. Heathcote. 

Triumph, The Book of the. By E. T. Brown. 

Villiers Engine, Book of the. By C. Grange. 

Pitman's Motorists Library 

Austin, The Book of the. By B. Garbutt. Third 
Edition, Revised by E. H. Row . . . .36 

B.S.A. Three Wheeler, Book of the. By Harold Jelley 2 6 
Morgan, The Book of the. By G. T. Walton . .26 

Morris Minor, The Book of the. By Harold Jelley and 

Eric G. Eastwood . . . . . . .26 

Riley Nine, The Book of the. By R. A. Blake . .26 

Singer Junior, Book of the. By G. S. Davison. . 2 6 

Singer Nine, The Book of the. By R. A. Bishop . 2 6 
Standard Nine, The Book of the. By John Speedwell 2 6 
Motorists* Electrical Guide, The. Bv A. H. 

Avery, AM.I.E.E 3 6 

Caravanning and Camping. By A. H. M. Ward, M.A. 

Second Edition . . . . . . .26 
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ELECTRICAL ENGINEERING, ETC. 

Acoustical Engineering. By W. West, B.A. (Oxon), 

A.M.I.E.E 

Accumulator Charging, Maintenance, and Repair. By 
W. S. Ibbetson, B.Sc., A.M.I.E.E., M.I.Mar.E. Fourth 

Edition 
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A. M.I.E.E 
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By James R. Barr, A.M.I.E.E., and D. J. Bolton, M.Sc., 
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Electric Trolley Bus. By R. A. Bishop . . . . 12 6 
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Edition. Edited by R. E. Neale, B.Sc. (Hons.) . . 10 6 




14 


PITMAN’S TECHNICAL BOOKS 


Electrical Engineering, etc.— contd. 

Electrical Guides, Hawkins* — 

In ten volumes ....... Each 

Electrical Machinery and Apparatus Manufacture. 
Edited by Philip Kemp, M.Sc., M.I.E.E., Assoc.A.I.E.E. 
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A.M.Inst.C.E., A.M.I.E.E. Second Edition 
Electrical Transformer Theory. By S. Gordon Monk, M.Sc. 
Electrical Transmission and Distribution. Edited by 
R. O. Kapp, B.Sc. In eight volumes. Vols. I to VII, Each 

Vol. VIII 

Electrical Wiring and Contracting. Edited by H. 
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I. E.E. Second Edition, Revised 


s. d 

5 0 

6 0 
6 0 

20 0 
10 6 

25 0 
30 0 
12 6 

7 6 

5 0 

6 0 
3 0 

6 0 

5 0 

7 6 

15 0 

21 0 

10 6 
10 6 

7 6 

8 6 

12 6 
3 6 
12 6 


6 0 


TELEGRAPHY, TELEPHONY, AND WIRELESS 15 


Electrical Engineering, etc.~-contd. s. d. 

Practical Pruiary Cells. By A. Mortimer Codd, F.Ph.S. . 5 0 

Railway Electrification. By H. F. Trewman, A.M.I.E.E. 21 0 
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Solomon, B.Sc. (Eng.). A.M.I.E.E 7 6 
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Green, M.A 5 0 
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Steel's Tables. Compiled by Joseph Steel .... 3 

Telegraphy and Telephony, Arithmetic of. By T. E. 
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Cost Accounts in Rubber and Plastic Trades. By T. W. 

Fazakerley 5 0 

Delphinium, The Book of the. By J. F. Leeming . .36 

Electrical Housecraft. By R. W. Kennedy . . .26 

♦Engineering Economics. By T. H. Burnham, B.Sc. (Hons.), 

B. Com., A.M.I.Mech.E. Second Edition . . . . 10 6 
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O.B.E., D.Sc., M.I.E.E. 

Electricity in Agriculture. By A. H. Allen, M.I.E.E. 
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Transformers and Alternating Current Machines, The 
Testing of. By Charles F. Smith, D.Sc.. A.M.Inst.C.E. 
Transformers, High Voltage Power. By Wm. T. Taylor, 
M.InstC.E., M.I.E.E. 

Transformers, Small Single-Phase. By Edgar T. Painton, 

B. Sc. Eng. (Hons.) Lond., A.M.I.E.E. 

Water Power Engineering, Fundamental Principles of. 

ByF. F. Fergusson, A.M.Inst.C.E. 

Wireless Telegraphy, Continuous Wave. By B. E. G. 

Mittell, A.M.I.E.E. 

X-Rays, Industrial Application of. By P. H. S. Kempton, 

B.Sc. (Hons.), A.R.C.S. 
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COMMON COMMODITIES AND INDUSTRIES 

Each book in crown Sto, illustrated. 38. net. 

In each of the handbooks in this series a particular product or 
industry is treated by an expert writer and practical man of 
business. Beginning with the life history of the plant, or other 
natural induct, he follows its development until it becomes a 
conmemal commodity, and so on through the various phases 
of its sale in the market and its purchase ny the consumer. 


Afbesios. (SuMMsas.) 

Bookbinding Craft and Industry. 
(Habbison.) 

Books — ^From the MS. to the Book- 
setter. (Young.) 

Boot and Shoe Industry, The. (Hard- 

INO.) 

Bruabmaker, The. (Kiddier.) 

Batter and Cheese. (Tisdale and 
Jokes.) 

Carpets. (Bbintok.) 
docks and Watches. (Overton.) 
dothing Industry, The. (Poole.) 
doths and the doth Trade. (Hunter.) 
Coal. (WnsoN.) 

Coal Tar. (Warnes.) 

Coffee — ^From Grower to Consumer. 
(Keable.) (Revised by Pabham.) 

Concrete and Relnioroed Concrete. 
(Twelvbibbes. ) 

Copper— From the Ore to the Metal. 

(PlOABD.) 

Cordage and Cordage Hemp and 
Fibres. (Woodhouse and Kxl- 

OOUB.) 

Com Trade, The British. (Barker.) 
Colton Spinning. (Wade.) 

Engraving. (LAsoxiiLBS.) 

Ezplosivei, Modem. (Levy.) 

Fishing Ihdnstry, The. (Gibbs.) 


Fnmitnre. (Binstead.) 

Furs and the Fur Trade. (Saobs.) 

Gas and Gas Making. (Webber.) 

Glass and Glass Mannfacture. (Mar- 
son.) (Revised by Angus -Butter- 
worth. ) 

Gloves and the Glove Trade. (Ellis ) 

Gums and Resins. (Parry.) 

Iron and Steel. (Hood.) 

Ironfoundiug. (Wbitbley.) 

Jute Industry. The. (Wooduousb 
and Kilgour.) 

Knitted Fabrics. (Chamberlain and 

QUILTEB.) 

Leather. (Adoook.) 

Linen. (Moore.) 

Locks and Lock Making. (Butter.) 
Match Industry, The. (Dixon.) 

Meat Industry, The. (Wood.) 

Oils. (Mitorbll.) 

Paper. (Maddox.) 

Photography. (Gamblb.) 

Pottery. (Noke and Plant.) 

Rice. (Douglas.) 

Rubber. (Stevens and Stevens.) 
Salt (Calvert.) 

Silk. (Hooper.) 
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PITMAN’S TECHNICAL BOOKS 


Common Commodities 

8o«p. (Sncxoira.) 

SpongM. (CBB88WBLL.) 

SlonM tnd Qnarriei. (Howb.) 

fom. (Mabtikbav.) (Revised by 
Sabtiox.) 

Snlphiir ind Allied Prodnoti. ( Aumbn.) 
Tea, (I»BB* 80 N.) 

Textile Bleaehing. (Stbvbn.) 


and Industries— contd. 

Timber. (Bullock.) 

Tin end the Tia Indiixtry. (Mundbt.) 
Tobaeeo. (Taknbb.) 

Weaving. (Cbankshaw.) 

Wheat and Its Prodncte. (Millab.) 
Wool. (Hunter.) 

Wonted Indnitry. The. (Dumvillb 
and Kershaw.) 


PITMAN’S SHORTHAND 

INVALUABLE TO ALL BUSINESS AND PROFESSIONAL HEN 


The following Catalogues will be sent post free on application — 

Scientific and Technical 
Educational, Commercial, Law, Shorthand 
Foreign Languages, Arts and Crafts, 
AND General 


PBIMTBO III GBBAT BRITAm AT THB PITIIAR PRBSS, BATH 
(875SW) 0.34 











